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ABSTRACT 

DEVELOPMENT  OP  MAKOPACmiNG  METHODS  FOR  PRODUCING 

mm  grapRxte  m  various,  shapes,  m  spj#mss 


George.  R,  Bemmetar 
General  Electric  Company 
Metallurgical  Products  Department 


The  objective  of  this  program  is  the  development  of  a  menu* 
factoring  technology  which  will  enable  the  prediction  and  specification 
o£  manufacturing  process  parameters  for  producing,  with  a  high  degree  of 
reliability,  pyrolytic  graphites  in  ^pacific  sizes f  shapes,.  and  quality 
beyond  the  present  state  of  Che  ext  and  suitable  for  re-entry  vehicles 
and  rocket  nestles,. 

Although  pyrolytic  graphites  for  aerospace  applications  wet# 
being  mad®  for  fiya  years  prior  to  this  contract,  the  technical  dept* 
of  related  knowledge  was  exceedingly  shallow  compared  to  more  familiar, 
design  materials,  This  £gct  coupled  with  the  unique  properties  of  the 
pyrolytic  graphitic®  Set  aerospace  systems  crested:  a  need  for  documenting 
the  current  state  si  fcha  art  imJ  also  advancing  it  specifically  in 
those  areas  related  to  Ifc#  manufacturability.  The  following  pages  of 
this  document  satisfy  these  needs  by  presenting  the  most  current  state 
of  the  art  including  the  now  knowledge  developed  under  this  program. 

fha  major  events  and  conclusions  resulting  from  this  program 
are  t>»  Allows: 

l*yr©bydrolysi8  has  proven  to  be  the  most  reliable  and  accurate 
technique  for  determining  the  boron  percent  in  pyrolytic  graphites  deposits. 

Mandrel  graphites  were  evaluated  and  rated.  Correction  factors 
for  graphite  mandrel  dimensions  should  be  -1.0%  to  -1.5%  of  the  finished 
part  dimension  to  allow  for  thermal  expansions  and  changes  in  deposit 
dimensions.  Mandrel  thickness  to  deposit  thickness  ratio  of  1:1  to 
1.5:1  is  satisfactory. 

A  new  and  unique  mandrel  separator  has  been  developed  which 
allows  the  separation  of  highly  stressed  shapes  from  adjacent  deposits. 

The  reversed  curvature  shape  of  the  separator  provides  a  beneficial  stress 
reversal  allowing  the  separation  of  the  part. 


Mandrel  precoate  should  preferably  be  0.0005”  or  less  to  achieve 
best  parting  of  part  from  mandrel. 

1  __  The  use  of  baffles  to  achieve  uniform  deposition  profiles  in 

frustums  and  cylinders  is  not  recommended  for  circular  sections  less  than 
six  inches.  Baffles  for  larger  sections  are  reconsnended. 
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Borcaf  gradation  tfosihg'  the  deposition  process  produced  the  moat: 
£&£**&* aeae  donas.  The  gradation-  that  was 
■Mit  £m-'  ms  Sa  iAi'ctal  BC13‘*  c^4  ratio  of  1%  and  grading  down  to 

■  .  .  Acetyisna  as  ah  alternate  source  gaa  in  place  of  methane  has 

S  »«®a  Sf  as  methane  because  of  poor  profile  reproducibility 

and  the  formation  of  largo  growths  on  the  gag  injector,  * 

.  .  .  t»«  °*  a  diffuser  cap  in  promoting  improved  profile  and 

material  quality  in  BPS  nosa  cones  has  not  been  successful. 

Although  graphitissfeion  as  a  function  of  boron  percent  in 
pyrolytic  graphite  can  be  specified  and  controlled,  it  was  concluded  that 
graphitisation  ia  detrimental  to  the  manufacture  of  shapes, 

de“gtr*S»d  *5®*  thia  deposits  of  BPG  introduced  during 
normal  deposition  of  FS  will  allow  controlled  delaminations  to  form. 

These  delaadnatteas  lower  residual  stress  and  allow  production  of  crack- 
free  parts  having  a  thickness  to  radius (t/r)ratio  greater  than  ,1. 

,  ,  .A  new  process  control  method  based  On  photorasistanca  is  dia- 
hot2cohe~~Cil  *sasurss  sas  Eatusity  °y  thQ  sooting  characteristic  ia  the 


W 

nose 


A  complete  process  specification  for  oroducing  10°  h®1  f 
nose  radius,  1.00"  stagnation  thickness  and  0.180"  wall  thlcknear* 
cones  is  shown  in  the  appendix. 
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I.  INTRODUCTION 


A.  PRIOR  HISTORY >  Pyrolytic  graphite  is  produced  by  the  thermal  decom¬ 
position  of  a  hydrocarbon  gas  on  a  heated  substrate. 

At  the  time  work  began  in  this  contract,  General  Electric 
Company  and  others  had  carried  out  basic  studies  relating  characteristics 
of  deposits  to  conditions  used  in  the  deposition  process.  Process  condi¬ 
tions  could  be  specified  for  production  of  desired  structural  types. 
Equations  had  been  developed  for  the  tangential,  radial  anti  axial  stresses 
which  result  on  post-deposition  cool-down  of  simple  shapes  of  an  aniso¬ 
tropic  material.  These  equations  had  been  modified  to  account  for 
structural  differences  across  the  thickness  of  a  given  deposit  and  for 
the  effects  of  annealing  at  deposition  temperature. 

33.  THE  REED  FOR  A  MANUFACTURING  TECHNOLOGY  PROGRAM.  The  biggest  problem 
area  was  the  application  of  this  research-scale  knowledge  to  the  produc¬ 
tion  of  full-scale  aerospace  hardware.  Sane  progress  had  been  made  in 
this  area  of  hardware  production,  hut  certain  difficulties  were  frequent¬ 
ly  encountered.  These  difficulties  included. 

1.  Non-uniformity  in  dimensions— particularly  thickness 
—for  a  given  hardware  shape  and  size. 

2.  Presence  of  cracks  or  de laminations  and  high  non- 
uniform  residual  stresses. 

3.  Non-uniformities  of  composition,  density  and  micro- 
structure  from  point  to  point,  both  along  the  length 
and  through  the  thickness  of  a  deposit. 

4.  Practical  problems;  such  as  best  means  for  removing 
the  desired  portion  of  a  deposit  from  unwanted  por¬ 
tions  and  machining  to  final  dimensions  without 
creating  new  stresses  or  allowing  catastrophic 
release  of  existing  stresses. 

Clearly,  a  systematic  study  was  needed  to  improve  the  manu¬ 
facturing  technology  of  this  desirable  aerospace  material,  so  that  it 
could  he  applied  on  advanced  re-entry  vehicles. 

C,  SCOPE  OF  THIS  PROGRAM.  The  stated  objective  of  this  program  was  "... 
the  development  of  a  manufacturing  technology  which  will  enable  the 
prediction  and  specification  of  manufacturing  process  parameters  for 
producing,  with  a  high  degree  of  reliability,  pyrolytic  graphites  in 
specific  sizes,  shapes  and  quality  beyond  the  present  state  of  the  art 
and  suitable  for  re-entry  vehicles  and  rocket  nozzles." 

It  was  agreed  that  full  use  would  be  made  of  background  data  and 
that  every  effort  would  be  made  to  avoid  duplication  of  new  and  prior 
studies  outside  this  contract. 

A  two-year  program  of  effort  was  outlined  to  meet  the  stated 
objective  and  an  initial  work  Statement  for  this  effort  was  written. 
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VJhen  this  statement  of  work  was  agreed  upon,  the  Program  Plan  was  written. 
It  detailed  the  experimental  program  as  envisioned  at  the  outset  of  this 
work. 

In  order  to  accomplish  this  effort  in  the  time  allowed,  to 
extend  technical  capabilities  and  to  increase  the  available  equipment 
and  facilities,  certain  tasks  were  subcontracted  by  the  Metallurgical 
Products  Department  of  General  Electric  Compary  to  the  Re-Entry  Systems 
Department  of  G.E.,  the  Raytheon  Company,  and  Rennsselaer  Polytechnic 
Institute. 

After  further  planning,  the  tasks  were  arranged  in  a  logical 
chronological  order,  and  a  PERT  diagram  was  prepared  for  use  in  project 
scheduling  and  monitoring.  The  Plow  Chart  in  Figure  1  is  an  abbreviated 
form  of  the  PERT  diagram,  which  shows  the  sequence  of  tasks  and  the 
grouping  of  related  tasks.  Subcontract  effort  is  identified. 

About  midway  through  the  two-year  program,  efforts  were  re¬ 
directed  and  a  new  Work  Statement  was  issued.  A  modified  Flow  Chart  is 
shown  in  Figure  2,  and  a  cross-reference  chart  of  task 3  is  shown  in 
Table  1.  Three  additional  months  were  approved  for  addition  to  the 
program  schedule. 

The  new  tasks — based  on  prior  knowledge  and  the  knowledge 
developed  in  this  contract— were  aimed  at  solving  the  most  important 
residual  problems.  Briefly,  these  were: 

1.  Lack  of  ability  to  incorporate  precisely  the  desired 
or  "nominal"  concentrations  of  boron  in  deposits  of 
boron-alloyed  pyrolytic  graphite. 

2.  Inability  to  determine  accurately,  reliably  and  con¬ 
veniently  the  boron  concentration  in  deposits  of 
boron-alloyed  pyrolytic  graphite. 

3.  The  need  for  assessment  of  the  effects  of  graphitiza- 
tion  on  residual  stress  levels  and  patterns  in  deposits 
of  boron-alloyed  and  unalloyed  pyrolytic  graphite. 

4.  Lack  of  experimental  data  required  to  evaluate  the  use 
of  turbulent  nozzles  and  of  acetylene  addition  in  the 
production  of  boron-alloyed  pyrolytic  graphite  deposits. 

5.  The  need  for  control  of  de lamination  patterns  in  nose 
cones. 

6.  The  reed  to  optimize  nose  cone  deposition  by  combining 
prior  results  with  these  obtained  in  this  contract. 

D.  DISClo;S10n.  Daring  tfcc  coarse  of  this  work,  several  successful 


applications  have  been  made— using  boron-alloyed  pyrolytic  graphite  nose 
cones  on  ‘best  vehicles. 

There  ie  strong  and  continuing  interest  in  the  fabrication  of 
such  nose  cones,  using  the  process  concepts  developed  in  this  contract. 
Further  improvements  can  be  expected  but  the  basic  manufacturing  tech¬ 
nology  vill  be  influenced  by  the  results  of  these  systematic  studies 
for  sense  time  to  cobs. 


II.  SUMMARY 


A.  INTRODUCTION 

The  purpose  of  this  program  was  * • . "the  development  of  a  manu¬ 
facturing  technology  which  will  enable  the  prediction  and  specification 
of  manufacturing  process  parameters  for  producing,  with  a  high  degree 
of  reliability,  pyrolytic  graphites  in  specific  sizes,  shapes  and  qual¬ 
ity  beyond  the  present  state  of  the  art  and  suitable  for  re-entry  vehi¬ 
cles  and  rocket  nozzles*" 

In  order  to  accomplish  this  goal,  to  avoid  duplication  with 
earlier  studies,  and  to  schedule  work  in  an  orderly  fashion,  a  program 
plan  and  PERT  diagram  were  prepared  and  submitted  for  approval. 

The  work  was  divided  into  a  number  of  categories,  Including: 

1.  Mandrel-related  studies. 

2.  Straight-through  flow  system  studies. 

3.  Reflex  flow  system  studies. 

4.  Special  studies. 

Each  category  was  sub-divided  into  individual  tasks.  Seme  tasks  were 
carried  out  by  General  Electric  Company,  Metallurgical  Products  Department 
and  some  were  sub-contracted  to  G.E.,  Re-Entry  Systems  Department,  Raytheon 
Company  and  Rensselaer  Polytechnic  Institute.  In  addition,  some  funding 
of  tasks  was  provided  by  GE-RSD.  These  tasks  were: 

Task  3*3.6  (Interrupted  deposition),  Task  3.4.2.3a  (Deposition  from 
Acetylene),  Task  3. 4.2.4  (Hafnium  alloy  deposition  studies),  and  Task 
3.4.5  (Non-destructive  test  techniques). 

A  detailed  description,  task  by  task,  is  given  in  Sections  III 
through  XI,  for  the  results  of  these  studies.  Recommendations  are  also 
presented  in  these  sections,  for  use  by  those  skilled  in  the  art,  for 
production  of  aerospace  hardware. 

In  this  section  the  results  are  highlighted  and  summarized  for 
those  who  may  be  less  familiar  with  this  field. 

B.  PRELIMINARY  STUDIES  -  STATE  OF  THE  ART  FOR  ROSE  CONES 


This  work  was  done  at  the  beginning  of  the  contract  while 
planning  was  carried  out  for  the  other  tasks.  Its  purpose  was  to  show 
the  existing  state  of  the  art  for  producing  10°  half -angle,  l/4  inch 
radius  nose  cones  of  graded,  boron-alloyed  pyrolytic  graphite.  A  total 
of  2?  nose  cones  were  deposited,  using  conditions  judged  best  at  the  tine. 
Two  modifications  were  made  to  the  process  during  the  course  of  this  work. 
The  first  modification  was  an  increase  in  pressure  in  an  attempt  to  attain 
higher  deposition  rates  and  a  shorter  process  cycle.  At  the  higher  pres¬ 
sure,  voids  formed  in  the  nose  tip  region,  so  the  process  was  modified 
again  to  an  intermediate  value.  A  process  specification  was  written  and 


recommended  as  the  basis  far  further  work  in  the  contract.  The  nose 
cones  were  evaluated  separately  under  another  Air  Force  Contract  by 
G.E.,  Re-Entry  Systems  Department. 

C.  MfllffiREI^RSIATED  STUDIES 

1.  Graphite  Grade  Evaluation 

The  mandrels  upon  which  pyrolytic  graphite  is  deposited  are 
made  from  commercial  graphite.  Mandrel  grades  are  selected  on  the  basis 
of  mechanical  and  thermal  properties,  chemical  purity,  machinability, 
cost  and  availability.  Not  many  grades  are  available  which  meet  the 
requirements  in  all  these  categories.  Grade  ATJ,  a  product  of  the 
Carbon  Products  Division,  Union  Carbide  Corporation  was  in  use  by  all 
producers  of  pyrolytic  graphite  aerospace  hardware  at  the  time  this 
study  was  carried  out.  Other  grades  were  commonly  used  for  non-critical 
auxiliary  parts  of  deposition  assemblies. 

From  these  studies  it  was  concluded  that  of  the  best  candidate 
grades:*  A  and  C  were  preferred,  B  was  better  than  acceptable  but  less 
than  preferred,  and  grade  E  was  unacceptable  far  mandrel  use. 

2.  Mandrel  Design 

A  mandrel  must  be  of  proper  size  to  allow  for  expansion  when 
heated  and  then  produce  a  deposit  which  will  be  of  desired  dimensions 
when  it  cools.  At  seme  point  in  time  the  mandrel  fails  in  tension, 
either  as  a  result  of  deposit  growth  which  can  occur  at  deposition 
temperature  if  the  mandrel  is  too  thin  or  as  a  result  of  shrinking 
onto  the  deposit  during  cooldown  because  of  the  difference  in  thermal 
expansion  coefficients. 

For  the  graphites  recommended  in  1,  dimensional  correction 
factors  were  determined.  Mandrels  of  Grade  A  used  to  deposit  pyrolytic 
graphite  within,  should  be  made  1*  0.25  percent  smaller  than  the  final 
deposit  dimensions  required.  For  Grade  C  the  factor  is  about  1.5  percent 
and  for  Grade  B  the  value  is  about  1.2  percent,  based  on  limited  ex¬ 
perience. 


Correct  thickness  for  mandrel  graphites  are  1,  1,  and  1.4  times 
deposit  thickness  far  grades  A,  C,  and  B,  respectively.  A  better  tech¬ 
nique,  however,  is  to  machine  the  mandrels  to  twice  the  deposit  thick¬ 
ness  required,  and  then  to  put  in  spiral  grooves  on  the  outside  surface . 
These  grooves,  which  predetermine  the  failure  patterns  in  the  mandrels, 
should  be  cut  deep  enough  so  that  the  remaining  thickness  is  that  speci¬ 
fied  for  ungrooved  mandrels. 


*For  graphite  identification,  contact  MATC,  Air  Force  Materials  Labora¬ 
tory,  WPAFB, 


3*  Mandrel  Surface  Treatments 

Production  of  deposits  with  smooth  surfaces  and  minimum  spall¬ 
ing  (where  a  portion  of  the  deposit  surface  is  carried  away  by  the  mandrel) 
requires  deposition  on  a  carefully  prepared  surface.  Even  the  best  man¬ 
drel  graphites  are  porous  and  the  initial  deposit  can  lock  into  the  pores 
at  the  exposed  surface. 

A  number  of  techniques  were  evaluated  for  preparing  deposition 
surfaces.  The  best  practical,  system  involved  hand  polishing  of  the 
surface  with  6 CO  grit  paper,  washing  with  volatile  organic  solvents,  and 
then  depositing  an  ultra-thin  pre-coat  (0.00025  to  0.0005  inches)  which 
subsequently  becomes  the  surface  on  which  the  aerospace  hardware  is 
deposited. 

4,  Mandrel  Termination  Designs 


Cracks  and  de  laminations  often  originate  in  poor  quality  re¬ 
gions  of  deposit  outside  the  mandrel,  on  auxiliary  parts  such  as  supports 
or  exhaust  stacks.  Such  defects  can  propagate  easily  into  the  deposit 
on  the  mandrel  if  not  prevented  from  doing  so. 

A  number  of  termination  designs  were  developed  for;  a)  depo¬ 
sition  of  crack-and  delamination-free  parts,  b)  deposition  of  crack- 
free,  delaminated  parts,  and  c)  preservation  of  roundness  in  deposits 
of  circular  cross-section. 


D.  PROCESS  STUDIES  FOR  STRAIGHT-THROUGH  FLOW  SISTE-S 


This  nomenclature  describes  the  gas  flow  path  through  the  deposition 
assembly,  entering  at  one  end  and  flowing  unidlrectionally  toward  the 
other  end.  Depending  on  conditions,  pyrolytic  graphite  (PG)  or  boron- 
alloyed  pyrolytic  graphite  (EPG)  can  be  deposited.  Boron  trichloride, 
added  to  the  inlet  flow  of  methane  (or  natural  gas),  provides  a  ready 
source  of  available  boron. 


Trimethy  lb  orate  can  also  be  used.  The  flow  ratio  can  be  controlled 
to  give  constant  level  or  graded  level  boron  concentration  through  the 
thickness  of  a  deposit.  In  these  studies  PG  at  graded  deposition  rates, 
constant  level  EPG  and  graded  level  BFG  cylinders  were  deposited  and 
evaluated  for  use  in  production  of  aerospace  hardware.  All  these  methods 
had  potential  for  favorable  alteration  of  residual  stress  levels  in  the 
deposits . 


Fran  the  results  a  number  of  conclusions  were  made.  For  unalloyed 
PG,  grading  the  deposition  rate  fran  15  mils/hr  to  5  mlls/hr  was  good 
from  the  standpoints  of  density,  tangential  residual  stress  and  ring¬ 
crushing  strength.  For  constant  level  FBG  deposits,  in  the  range  from 
0.1  to  1.9  weight  percent,  low  levels  (0.2  -  0.3  percent)  were  best  on 
the  basis  of  strength,  cracking  tendency  and  the  balance  between  tan¬ 
gential  and  axial  residual  stresses.  For  graded  level  BPG  deposits,  of 
the  varieties  included  in  this  study,  0.1  to  0.4  weight  percent  grading 
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mi,  'best,  but  not  as  good  as  0.2  percent  constant  level. 

•Tiro  tentative  process  specifications  were  detailed. 
E.  HIOPHE  STUDIES  FOR  STRAIGHT-THROUGH  FLCW  SYSTEMS 


Deposition  thickness  at  any  point  in  a  deposition  assembly  is  deter¬ 
mined  by  total  deposition  time  and  the  localized  deposition  rate.  The 
deposition  rate  at  a  given  point  depends  on  many  factors  including: 
surface  temperature,  gas  pressure,  active  species  concentration  and  the 
degree  to  which  thermal  and  chemical  equilibria  are  attained  in  the  gas 
phase.  The  active  species  concentrations  at  the  point  are  determined  by 
the  prior  history  and  thus  depend  on  such  things  as  the  degree  to  which 
carbon  stripping  has  occurred  in  previous  contact  with  mandrel  surfaces, 
linear  velocity  and  residence  time  of  the  gas  within  the  heated  zone,  the 
presence  (or  absence)  of  soot  particles  within  the  gas  stream,  and  the 
presence  of  diluents  including  by-product  hydrogen. 

The  studies  in  this  work  were  directed  toward  alteration  of  deposi¬ 
tion  thickness  profiles  by  the  use  of  baffles  and  plugs  in  the  gas 
stream,  replenishment  of  partially  depleted  gas  by  use  of  a  second  inlet 
nozzle,  and  the  use  of  hydrogen  as  a  diluent. 

While  all  results  showed  some  alteration  in  deposition  thickness 
profiles,  the  best  improvements  were  obtained  with  simple  baffles, 
especially  in  deposition  of  frustums  larger  than  8  inches  in  base  di¬ 
ameter.  Such  baffles  divert  the  incoming  gas  stream  toward  the  frus¬ 
tum  wall  and  also  provide  sane  surface  for  preheating  the  gas. 

F.  ADVANCED  STUDIES  FOR  STRAIGHT-THROUGH  FLOW  SYSTEMS. 

When  revised,  the  Work  Statement  included  tasks  related  to  three 
important  problems: 

1)  the  lack  of  ability  to  incorporate  precisely  the  desired,  or 
"nominal",  concentrations  of  boron  in  deposits  of  boron-alloyed 
pyrolytic  graphite. 

2)  The  inability  to  determine  accurately,  reliably  and  convenient¬ 
ly  the  boron  concentration  in  deposits  of  boron-alloyed  pyro¬ 
lytic  graphite. 

3)  the  need  for  assessment  of  the  effects  of  graphitization  on 
residual  stress  levels  and  patterns  in  deposits  of  boron-alloyed 
and  unalloyed  pyrolytic  graphite. 

A  systematic  series  of  deposits  were  made  at  controlled  temperatures 
(3800,  3640  and  3^50°F  or  approximately  2100,  2000  and  1900°C),  con¬ 
trolled  pressures  (3,  5  and  7  mm.  Hg.)  and  controlled  inlet  flow  ratios 
of  methane  to  BClo  (30/l,  6o/l,  120/1  and  24o/l),  Samples  from  these 
deposits  were  analyzed  by  various  methods,  the  best  of  which  was  large 


sample  pyr ©hydrolysis.  Other  analytical  techniques,  including  emission 
spectroscopy  with  internal  and  external  standards,  gave  less  reliable 
or  reproducible  results.  The  values  from  pyrohydrolysis  were  used  to 
prepare  curves  relating  temperature,  pressure  and  boron  trichloride  con¬ 
centration  to  the  weight  percentage  of  boron  deposited  in  the  solid. 
Additionally  the  data  provided  information  enough  to  obtain  deposition 
rates  as  functions  of  temperature  and  pressure* 

The  results  from  the  studies  on  the  effects  of  graphitization  showed 
that  while  the  degree  of  graphitization  could  be  specified  and  controlled 
it  cguld  not  be  used  to  advantage  in  depositing  aerospace  hardware  at 
2000°C.  Post-deposition  graphitization  was  also  deleterious  to  the 
structural  integrity  of  constant  level  and  graded  level  BPG.  Lower 
temperature  deposits  and  lower  level  boron  concentrations  appeared  to  be 
better  solutions  to  the  problem. 

G.  PROCESS  AND  PROFILE  STUDIES  FOR  REFLEX  FLOW  SYSTEMS 

■The  reflex  flow  system  used  in  nose  cone  deposition  involves  injection 
of  the  inlet  gas  mixture  along  the  central  axis  of  a  cone  toward  the  nose 
tip  where  the  flow  is  reversed.  The  gas  is  heated,  partially  decomposed 
and  is  exhausted  as  an  annular  flow  around  the  inlet  nozzle.  It  is  a 
complex  system  and  one  which  does  not  easily  adapt  to  in-process  meas¬ 
urements  of  process  variables.  Experience  was,  of  necessity,  largely 
empirical.  Moreover,  very  little  Investigation  of  process  variables  had 
been  carried  out  because  of  the  pressing  need  for  aerospace  research 
hardware  pieces.  These  studies  were  directed  toward  establishing  the 
effects  of  variables,  the  useful  ranges  of  variables,  and  the  formulation 
of  preliminary  process  specifications  for  10°  half -angle,  l/k  inch  nose 
radius  cones. 

The  results  shewed  that: 

a)  nozzle  orifices  from  0.075  inch  to  0.150  inch  diameter  were 
usable,  but  0,100  inch  was  preferred. 

b)  programmed  nozzle  withdrawals  and  low-level  boron  grading 
gave  the  most  favorable  deposition  thickness  profiles. 

c)  high  levels  of  boron  introduced  heavy  sooting  and  exhaust 
clogging.  The  high  levels  also  enhanced  graphitization 
and  caused  delaminatlons . 

d)  programmed  temperature  variations  (1950°C  to  2150°C) 
appeared  to  give  cones  with  slightly  tighter  delaminations. 

e)  nitrogen  dilution  reduced  deposition  rates  but  did  not 
give  better  deposition  thickness  profiles. 

f)  smaller  exhaust  opening  areas  (which  offered  sane  choking 
of  the  flow)  gave  better  deposition  thickness  profiles.  If 


the  openings  were  made  too  small,  of  course,  deposition 
might  close  them  off  prematurely. 

g)  unshielded,  water-cooled  inlet  nozzles  showed  some 

influence  on  the  wall  thickness  profile  outside  the  nose 
tip  region. 

Preliminary  process  specifications  were  made  for  graded  and  constant 
level  boron-alloyed  nose  cones  (10°  half -angle,  l/h  inch  nose  radius). 

H.  SPECIAL  STUDIES 

Special  studies  were  carried  out  to  investigate:  process  modifica¬ 
tions  (turbulent  nozzles,  unsaturated  hydrocarbons),  interrupted  depo¬ 
sition,  additive  studies,  and  hafnium-alloyed  nose  cone  deposition. 

1.  Turbulent  Nozzle  Studies 

Metal  caps,  designed  for  breaking  up  the  inlet  gas  Btream  and 
introducing  turbulence  into  the  flow,  were  fitted  onto  ordinary  water- 
cooled  inlet  nozzles  and  used  successfully  to  produce  thicker  nose  tip 
regions  in  pyrolytic  graphite  nose  cones. 

Similar  caps  made  of  a  graphite  were  used  far  the  deposition  of 
BPG  nose  cones.  These  were  not  so  successful  because  of  sooting  problems 
and  because  the  maximum  deposition  rate  occurred  downstream  from  the  nose 
tip  where  it  was  desired.  The  technique  would  be  useful  for  any  future 
nose  cones  where  boron  is  specifically  excluded  in  the  specifications. 

2.  Deposition  from  Acetylene 

Unsaturated  hydrocarbons  fire  produced  as  intermediate  species 
in  the  deposition  of  carbon  from  methane  or  natural  gas.  If  unsaturated 
hydrocarbons  could  be  used  direr,ly  under  conditions  where  heavy  sooting 
were  prevented,  this  technique  might  allow  more  efficient  use  of  thermal 
energy. 

After  preliminary  experiments  with  cylinders,  PG  nose  cones 
were  deposited  from  acetylene /methane  mixtures  (1:3).  At  k  mm  Hg,  or 
higher  pressure,  nose  cones  with  good  thickness  profiles  can  be  de¬ 
posited  but  the  material  has  lower  than  normal  density. 

No  BPG  cones  could  bo  deposited,  using  boron  trichloride  as .the 
boron  source,  because  of  rapid  side  reactions  which  clog  the  inlet  nozzle 
and  gas  lines. 

3*  Interrupted  Deposition 

If  residual  stress  exceeds  material  strength  in  a  given  deposit 
it  will  crack  or  delaminate  (or  both)  to  relieve  stress.  This  may  render 
the  part  useless  as  aerospace  hardware.  This  situation  arises  when 
thickness  is  too  great  for  the  radius  of  curvature.  If  parts  were  made 
as  a  series  of  shells,  each  with  allowable  thickness  to  radius  of  eurva- 


10 


ture  ratios,  thicker  parts  should  be  allowable* 

This  technique  produced  good  quality  frustums  with  thickness 
more  than  twice  the  normally  allowed  value*  Separation  is  not  complete 
between  shells  unless  BFG  i a  deposited  in  an  ultra-thin  layer  between  PG 
shells.  Simply  interrupting  deposition  by  shutting  off  methane  flow  for 
a  short  period  of  time  does  not  isolate  one  shell  deposit  from  another 
with  certainty. 

This  technique  has  general  applicability  for  all  future  thick 
PG  deposits,  regardless  of  shape* 

b,  Additive  and  Impurity  Studies 

A  special  technique  was  devised  using  soot  particle  nucleation 
and  growth  in  the  gas  phase  as  an  indication  of  wall  deposition  rate  of 
pyrolytic  graphite*  A  lab-scale  furnace  was  modified  to  allow  adaptation 
of  a  photoresi3tor  which  sensed  light  from  the  particles  against  a  black 
background. 

The  experiments,  all  st  low- temperature,  indicated  that: 

a)  boron  trichloride,  ethane  and  propane  increase  the 
deposition  rate  of  carbon  from  methane* 

b)  hydrogen  decreases  the  deposition  rate  of  carbon 
from  methane. 

c)  The  effect  of  the  higher  hydrocarbons  appears  to 
saturate  at  the  higher  concentrations . 

d)  boron  trichloride  increases  the  deposition  rate  of 
carbon  more  with  the  higher  liydrocarbons  than  with 
methane, 

e)  hydrogen  decreases  the  deposition  rate  of  carbon  less 
with  the  higher  hydrocarbons  than  with  methane. 

f)  all  the  effects  are  multiplicative. 

These  results  may  be  valid,  or  only  slightly  modified,  at  temper¬ 
atures  in  the  normal  range  used  for  aerospace  hardware  deposition.  How¬ 
ever,  this  has  yet  to  be  experimentally  verified, 

5»  Hafnium  Alloy  Deposition  Studies 

Hafnium-alloyed  pyrolytic  graphite  has  a  number  of  potentially 
useful  characteristics  for  use  in  aerospace  hardware  if  a  process  can  be 
developed  for  producing  it  to  required  specif icacicns. 

Tlie  halides  of  hafnium  are  available  in  relatively  pure  form  but 
are  not  so  volatile  as  the  halides  of  boron.  Hafnium  tetrachloride  is  a 
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solid  at  room  temperature.  In  order  to  use  it  with  methane  to  deposit 
hafnium-alloyed  pyrolytic  graphite ,  the  entire  gas  inlet  system  must  be 
heated  to  prevent  condensation. 

Equipment  has  been  assembled  for  this  purpose  and  will  be  ready 
for  future  use.  The  system  is  a  sophisticated  one,  even  allowing  flow 
rate  measurement  of  the  heated  vapor.  Its  design  represents  a  large 
improvement  in  the  field  of  chemical  vapor  deposition. 

I*  ADVANCED  STUDIES  FOR  REFLEX  FLOW  SYSTEMS 


The  revised  Work  Statement  included  tasks  designed  to  study  methods 
for  improving  delamination  patterns  in  cones  with  half -angles  of  10°  or 
less  and  to  optimize  processes  for  the  deposition  of  such  cones. 

1.  De  lamination  Control  Studies 


Most  nose  cones  used  as  aerospace  hardware  require  nose  tip 
thicknesses  of  one  inch  or  greater  and  uniform  wall  thicknesses  of  0.180 
to  0,200  inches.  It  is  difficult  to  deposit  such  a  deposition  thickness 
profile  without  getting  a  thin  spot  just  outside  the  nose  tip  region. 

Hear  the  thin  spot,  de laminations  are  generally  net  parallel  to  the  out¬ 
side  surface  as  desired  by  aerospace  design  engineers.  Studies  were 
carried  out  to  modify  and  improve  the  de lamination  patterns  in  cones 
with  10°  or  6°  half -angles. 

Of  the  many  techniques  investigated,  the  best  approach  for  10° 
half -angle  cones  was  to  first  deposit  a  uniform  thickness,  by  using 
nozzle  positions  further  from  the  nose  tip  than  usual  in  combination  with 
than  usual  gas  flow  rates,  and  then  to  move  the  nozzle  to  a  more  normal 
position  and  continue  deposition  with  higher  gas  flow  rate.  This  two 
phase  deposition  process  displaces  the  outer  delamination  inward  and 
allows  it  to  form  parallel  to  the  outer  surface.  Great  care  must  he 
exercised  to  prevent  air  leaks  as  a  result  of  moving  the  nozzle  through 
a  sliding  seal. 

None  of  the  6°  half  angle  cones  were  successfully  deposltea  with¬ 
out  voids  in  the  nose  tip  region.  The  results  indicated  that  ..ozzle  posi¬ 
tion  6"  or  closer  to  the  nose  tip  would  be  required.  The  cross-sectional 
area  available  for  the  inlet  nozzle  is  small  for  narrow  angle  cones. 

2.  Process  Optimization  for  Nose  Cones 

Using  the  resiilts  of  all  other  tasks  in  this  contract,  a  new 
process  specification  was  written  for  10°  half -angle,  l/h  inch  nose 
radius  cones.  Three  deposits  were  made  to  demonstrate  this  process. 
Equipment  trouble  prevented  the  inclusion  of  one  important  portion  of 
the  process  -  the  two  pliase  deposition  developed  in  the  task  preceding. 

The  cones  were  of  good  quality  but  would  have  been  even  better  if  the  two 
phase  deposition  could  have  been  used. 
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Void-free  6°  half -angle  cones  were  deposited  at  close  nozsle 
positions.  Exhaust  port  modifications  might  "be  required,  to  allow 
longer  deposition  periods,  if  greater  thicknesses  were  specified.  It 
now  appears  possible  to  specify  a  process  for  narrow  angle  cones  with 
small  nose  radii  far  advanced  aerospace  hardware  requirements . 


HI,  ESTABLISHMENT  OF  STATE  OF  THE  ART  FOR  NOSE  COSES  (TASK  3-5.1) 


Task  3.5.I  was  authorized  to  proceed  while  planning  was  still 
feeing  carried  out  for  the  other  tasks  of  this  contract.  According  to  the 
Work  Statement  for  Task  3*5.1,  "A  characterization  of  the  current  state  of 
the  art  will  fee  made  fey  performing  thirty  (30)  full  scale  runs  on  a  nose 
cone  whose  specifications  are  in  advance  of  current  specifications  for  the 
part.  The  advanced  specifications  will  fee  mutually  agreed  upon  fey  the 
contractor  and  MATC,  The  nose  cones  produced  by  these  runs  will  fee  fully 
characterized  to  determine  conformance  with  the  advanced  specifications." 

It  was  mutually  agreed  fey  General  Electric  and  MATC  that  work 
in  this  task  would  cease  when  twenty  (20)  machined  cones  had  been  trans¬ 
ferred  to  GE-RSD  for  characterization.  The  cone  dimensions  are  shown 
in  Figure  3,  and  the  advanced  specifications  are  shewn  in  Appendix  X» 

Nose  cones  of  graded  boron  pyrolytic  graphite  had  been  de¬ 
posited  for  Re-Entry  Systems  Department  in  earlier  development  work. 

Eight  nose  cones  had  been  deposited  in  mandrels  with  one-quareer  inch 
nose  radii.  Of  these  eight,  six  had  the  required  one  inch  nose  thick¬ 
ness  or  better.  The  average  thickness  was  I.38O  inches  with  a  standard 
deviation  of  0.420.  This  work  and  other  work  with  noBe  cones  of  differ¬ 
ent  radii  formed  the  experimental  background  for  Task  3*5*1* 

A*  PROCESS  PARAMETERS  FOR  TASK  3*5*1 


On  the  basis  of  the  prior  experience,  a  process  was  chosen  with 
a  temperature  of  3750°F.,  a  pressure  of  2mm.  Hg.,  methane  flow  of  10  CFH 
and  BCI3  flow  varying  from  0.109  down  to  0.015  CFH  during  the  run.  The 
rotating  water-cooled  inlet  nozzle  was  positioned  eight  and  one-half 
'inches  from  the  nose,  centered  and  fitted  with  a  graphite  shield.  Fifty- 
three  hours  were  scheduled  for  each  deposition. 

After  10  runs,  the  pressure  was  raised  from  2  mm.  Hg.  to  3*6  mm. 
Hg.  to  shorten  the  process  cycle,  and  50-hour  runs  were  scheduled.  After 
run  #14,  pressure  was  reduced  to  3*0  mm.  Hg.  and  55-hour  runs  were  sched¬ 
uled.  The  process  changes  will  fee  discussed  in  the  Results  section  of 
this  task  report. 

B.  PROCESS  DETAILS 


Background 

The  setup  and  process  design  variables  considered  critical  for 
the  deposition  of  a  satisfactory  nose  cone  included  nozzle  position, 
exhaust  area,  hydrocarbon  gas  flow,  boron  trichloride ‘flow  and 
deposition  time.  The  selection  of  values  for  these  variables  was 
based  upon  (a)  MPD  Process  Instructions  and  (b)  GE  Re-Entry  Sys¬ 
tems  Department  Process  Specification  No.  8157-001  Revision  B. 

Nozzle  Position 


Positions  7"  fran  the  nose  to  9"  fran  the  nose  had  been  found  to 
be  satisfactory  for  1/4"  radius  nose  cones.  The  7"  nozzle  position 
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tended  to  reduce  the  deposition  rate  in  the  nose  but  also  reduced 
differences  in  deposition  rate  along  the  wall.  The  9"  position 
maximised  the  nose  deposition  rate  but  also  tended  to  increase 
the  difference  in  rates  along  the  wall.  Hie  8-1/2"  position 
selected  was  a  compromise  between  the  above  factors.  This 
position  allowed  acceptable  nose  thickness  and  wall  thickness 
to  be  developed  in  the  shortest  time. 

Exhaust  Area 

This  area  is  generally  expressed  as  a  percent  obtained  from  the 
quotient  of  the  exhaust  area  and  cone  base  area.  Values  as  high 
as  100$  and  as  low  as  20$  had  been  used  with  success.  Generally 
speaking,  the  higher  the  percent,  the  more  sensitive  the  system 
was  to  nozzle  position  and  transient  operating  conditions.  The 
deposition  rate  in  the  unrestricted  system  was  measurably  less 
than  in  restricted  ones.  The  lower  limit  of  restriction  was  set 
not  by  deposition  character  or  quality  but  by  other  practical 
limits.  One  such  practical  limit  resulted  from  gas  flow  channel 
restriction  resulting  from  the  deposit  itself.  In  extreme  cases, 
total  closure  could  result  which  would  terminate  the  furnace  run. 
Another  case  resulted  from  the  need  to  subdivide  exhaust  area  to 
allow  symmetrical  gas  flow.  Individual  exhaust  holes  could  not 
be  too  small  or  deposition  would  close  them,  terminating  the  furnace 
run  early.  The  21.4$  value  selected  for  this  work  was  the  minimum 
based  on  the  closure  and  symmetry  limits. 

Hydrocarbon  Gas  Flow 

Although  gas  flow  was  considered  a  critical  variable,  all  earlier 
work  on  this  type  of  nose  cone  at  MFD  had  been  done  at  10  SCFH 
and  had  yielded  satisfactory  results  for  the  nozzle  positions 
indicated. 


Boron  Trichloride  Flow 

Boron  addition  has  a  catalytic  effect  on  deposition  rate  and  can 
favorably  alter  the  residual  stress  characteristics  of  the  de¬ 
posited  piece.  Experiments  had  been  conducted  to  determine  the 
best  boron  addition  technique.  Results  were  evaluated  on  the 
basis  of  cracks,  delamination  patterns  and  delamination  separa¬ 
tions.  A  grading  technique,  holding  the  BCl^  flow  constant  at 
a  gas-to-BClg  ratio  of  90:1  for  roughly  one-third  of  the  run 
time,  then  grading  the  ratio  from  90:1  to  650:1  over  the  next 
one-third,  and  holding  a  constant  ratio  at  650:1  for  the  last 
one-third  had  been  determined  to  give  the  best  results. 

Deposition  Time 


When  all  the  conditions  3tated  above  were  used  for  nose  cone 
deposition  at  3750°F.  and  2.0  mm.  Hg.,  53  hours  were  required 
to  deposit  an  acceptable  part. 
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Cc  RESUI/TS 


Twenty- seven  furnace  runs  were  completed  under  Task  3*5*1*  A 
summary  of  thickness  data  is  shown  in  Table  II,  along  with  process  data 
and  remarks.  A  review  of  individual  runs  follows.  It  should  be  kept  in 
mind  while  reading  these  reviews  that  successive  runs  were  often  over¬ 
lapping  in  time.  Troubles  observed  in  one  run  could  not  necessarily  be 
corrected  in  the  next.  This  schedule  was  necessary  in  order  to  provide 
nose  cones  for  use  as  test  models  for  another  contract. 

Runs  #1  (3019)  and  #2  (702T)  progressed  normally  with  no  varia¬ 
tions  observed.  The  surface  finish  of  both  parts  was  considered 
good  with  the  exception  of  a  pit  approximately  l/8"  diameter 
representing  the  site  of  a  nodule  in  the  second  run.  X-ray 
examination  indicated  that  there  was  a  high  density  inclusion  in 
the  nodule.  This  was  concluded  to  be  due  to  a  metallic  impurity 
which  boiled  out  of  the  mandrel  during  heat-up  and  was  subse¬ 
quently  trapped  by  the  deposit.  Such  impurities  are  rarely  en¬ 
countered  with  ATJ  graphite  as  mandrels.  No  other  nodules  were 
found  in  this  series  of  runs.  The  conditions  used  for  these  two 
runs  has  been  designated  Process  #1.  This  same  process  was  used 
through  #10.  An  exterior  and  X- radiographic  view  of  run  #1 
are  attached  as  Figures  k  and  5,  respectively. 

Run  #3  (3021)  was  carried  out  using  Process  #1  with  the  nozzle 
position  altered  to  8-1/4".  This  adjustment  was  an  attempt  to 
reduce  stagnation  thickness  and  improve  wall  profile.  The  run 
was  terminated  at  1+0. 5  hours  when  gas  flow  could  not  be  maintained. 
Upon  subsequent  examination  of  the  deposited  part  it  was  deter¬ 
mined  that  the  nozzle  shield  had  broken,  either  during  heat-up  or 
in  the  early  part  of  the  run,  and  was  pushed  by  the  rotating  nozzle 
into  a  position  which  reduced  the  shit Id ~to -part  clearance.  As 
normal  deposition  continued,  the  gap  between  the  part  and  shield 
closed,  blocking  the  exit  path  of  the  gas.  The  surface  condition 
of  the  part  was  considered  to  be  only  fair  due  to  light  spalling. 

It  is  important  to  understand  that  the  specification  does  not 
allow  machining  of  the  exterior  surface.  By  the  rating  system 
used  in  this  report,  "poor"  represents  visible  spalling  which  is, 
nevertheless,  acceptable  in  terms  of  the  specification  and  drawing. 

Run  #4  (7028)  progressed  normally  with  no  variation  observed.  The 
surface  finish  was  rated  poor. 

Run  #5  (7029)  'was  a  repeat  of  run  #3  which  had  terminated  without 
providing  sufficient  information  to  evaluate  the  altered  nozzle 
position.  The  run  progressed  without  any  variations  being  observed. 
The  results  indicated  that  there  was  no  advantage  to  the  8-1/4" 
nozzle  position.  In  light  of  later  results,  there  is  little 
difference  between  the  8-1/4"  and  the  8-1/2"  positions;  therefore, 
8-1/2"  was  used  as  the  position  for  the  balance  of  the  runs.  The 
surface  finish  was  rated  fair. 
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Runs  #6  (4022),  #T  (4023),  #S  (7030),  #9  (502*0,  and  #10  (7031) 
progre s s  ed” ViOrmally  with  no  variations  observed.  Ynrutn#67  the 
nozzle  shield  was  inadvertently  left  out.  In  runs  #7  and  #9,  the 
shield  was  improperly  centered.  The  deposit  of  run  #6  was  thinner 
than  expected.  The  deposits  in  Runs  #7  and  #9  were  not  symmetric. 

The  values  shown  in  Table  II  are  not  the  average  at  the  positions 
indicated.  They  represent  the  circumferential  minima  as  well  as 
the  axial.  The  combined  results  in  these  runs  indicate  the  in¬ 
fluence  of  the  nozzle  shield  on  deposition  profile  and  rate. 

The  deposit  of  run  #8  was  thinner  than  expected.  The  surface  fin¬ 
ishes  of  runs  #6  and  $9  were  rated  good,  #7  fair  and  #8  and  #10 
poor. 

Run  #11  {7032)  was  carried  out  at  a  higher  pressure,  3*6  mm.  Hg., 
and  a  shorter  period  of  time,  50  hours.  With  this  change  the  process 
was  designated  Process  #2.  A  review  of  data  from  runs  #1  through 
#10  indicated  the  desirability  of  increasing  deposition  rate.  The 
pressure  adjustment  to  3*6  mm.  Hg.,  was  used  to  accomplish  this. 

A  new  nozzle  shield  design  was  used  to  eliminate  the  centering 
problem.  A  malfunction  of  the  boron  trichloride  metering  system 
caused  the  first  one-half  hour  of  deposit  to  be  made  without  the 
boron  addition.  It  was  observed  that  pressure  regulation  was  more 
difficult  at  this  higher  pressure.  Results  indicated  that  the  new 
nozzle  shield  design  was  satisfactory.  The  surface  finish  was 
rated  fair. 

Runs  #12  (5025)  and  #13  (7033)  were  also  carried  out  using  Process 
#2l  The  high  pressure  continued  to  give  problems  in  pressure  re¬ 
gulation.  During  run  #12,  a  temporary  decrease  in  gas  flow  was 
observed.  The  problem  cleared  itself  and  the  gas  flow  returned 
to  normal,  A  malfunction  of  the  boron  trichloride  metering  system 
on  run  #13  caused  the  first  2-l/2  hours  of  deposit  to  be  made 
without  the  boron  addition.  The  X-radiographs  indicated  that  there 
were  low  density  inclusions  or  voids  in  the  stagnation  thickness 
of  these  cones,  as  shown  in  Figure  5 •  It  was  concluded  that  these 
defects  were  related  to  the  pressure  difficulties.  The  stirface 
finishes  were  rated  poor  and  fair,  respectively. 

Runs  #14  (5026),  #15  (k026)  and  #L 6  ($027)  were  carried  out  at  3.0 
ram.  Hg.  and  the  process  was  designated  Process  #3.  This  value 
represents  a  compromise  between  the  higher  pressure  and  its  problems 
of  regulation  and  the  low  pressure  with  unsatisfactory  rates.  A 
different  control  valve  for  boron  trichloride  was  used  to  prevent 
the  problems  experienced  in  run?  #11  and  #13.  During  the  first 
few  hours  of  run  #15 ,  liquid  boron  trichloride  (instead  of  vapor) 
was  carried  from  the  cylinder  into  the  gas  feed  system.  The 
pressure  regulation  was  poor  on  run  #lh  despite  the  decreased  pre 
sure.  Run  #15  was  made  with  a  modified  pressure  adjusting  system 
which  was  still  not  satisfactory.  The  boron  trichloride  flowmeter 
on  run  #15  developed  a  leak  at  2-1/2  hours,  requiring  replacement. 
This  run  should  have  been  terminated  at  this  time.  Run  #16  was 
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made  with  a  new  pressure  adjusting  system  which  provided  excellent 
pressure  regulation.  Also,  a  heated  inlet  feed  system  was  used  for 
the  boron  trichloride  to  prevent  liquid  carry-over.  The  X-radiograph 
of  run  #14  indicated  that  there  was  a  low  density  inclusion  or  void 
in  the  stagnation  thickness.  The  defect  was  again  related  to  poor 
pressure  regulation.  The  surface  finish  of  #l4  was  cccrpletely  un¬ 
satisfactory.  Pitted  regions  on  the  surface  of  this  cone,  resulting 
from  whisker  growth,  are  attributed  to  the  liquid  boron  trichloride 
carry-over.  The  surface  finish  of  run  #l6  was  rated  good. 

Runs  #17  through  #S7  were  carried  out  at  the  conditions  designated 
as  Process  #3.  These  eleven  runs  were  completed  with  a  minimum 
of  processing  difficulty  except  for  isolated  mechanical  problems 
associated  with  the  gas  feed  system  which  caused  three  premature 
shutdowns.  The  scheduled  time  for  each  deposition  was  55  hours. 

The  results  are  also  shown  in  Table  II.  In  those  cases  where  no 
remarks  are  made,  the  deposition  was  terminated  by  excessive  de¬ 
posit  thickness  in  the  exhaust  or  gas  flow  path. 

Twenty-one  cones  were  machined  whereas  only  twenty  were  required. 

The  twenty-first  cone  was  to  replace  an  early  run  which  showed  a 
void  or  lcr-r  density  region  in  the  nose  tip  when  X-radlographed. 

All  twenty-one  machined  cones  were  shipped  to  the  Re-Entry  Systems 
Department  of  General  Electric  Company  for  characterization,  against 
specifications  which  were  in  advance  of  the  state  of  the  art. 

D.  SUMMARY  AND  CONCLUSIONS 

Statistical  analysis  shows  that  the  average  nose  thickness  for 
the  27  cones  was  1.150  inches  with  a  standard  deviation  of  0.46,  If  the 
three  aborted  runs— #15,  19  and  21 — are  omitted,  the  average  is  1.270 
with  a  standard  deviation  of  0.310.  These  results  summarize  the  entire 
series  of  runs  in  this  task. 

To  indicate  the  learning  process  involved,  results  have  been 
shown  as  a  function  of  time  by  plotting  nose  thickness  in  each  of  the 
consecutive  runs  in  Figure  6.  Bar  heights  in  this  plot  indicate  nose 
thickness  actually  deposited.  A  horizontal  line  shows  the  minimum 
acceptable  one-inch  thickness  for  comparison.  Those  bars  which  are  cross- 
hatched  represent  deposits  having  minimum  wall  thicknesses  of  0.130  inches 
or  better,  as  required. 

Most  of  the  troubles  encountered  in  work  with  Process  #1  were 
related  to  the  graphite  shield  around  the  water-cooled  nozzle.  Four  of 
the  first  ten  (4C$)  were  machinable  to  tolerance.  The  process  was 
altered  by  raising  pressure  from  2  mm.  Hg.  to  3*6  mm.  Hg,  to  alter  *.he 
deposition  profile  and  to  shorten  the  deposition  cycle.  Pressure  regu¬ 
lation  was  a  problem  and  also  an  unfavorable  deposition  profile  led  to 
voids  in  the  nose  tip  region  of  runs  #12  and  13. 
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The  process  was  then  altered  for  the  third  and  last  time  by 
reducing  pressure  to  3  mm.  Hg.  and  increasing  the  deposition  time  to  55 
hours.  During  this  phase  of  work,  equipment  trouble  accounted  for  the 
only  unsuccessful  runs.  A  ruptured  gas-regulator  diaphragm  let  air  into 
the  inlet  gas  flow  in  runs  #19  and  #21.  Air  leaks  at  fittings  on  the 
boron  trichloride  flowmeters  accounted  for  the  other  two  thin  deposits. 
Ten  of  the  fourteen  runs  made  with  Process  #3  had  satisfactory  nose  and 
wall  thicknesses  (71»5$).  For  these  runs,  the  average  nose  thickness 
was  0.99  inches  with  a  standard  deviation  of  0.5^— but,  if  the  three 
aborted  runs  are  ignored,  the  average  is  1.26  with  a  standard  deviation 
of  0.30.  This  latter  set  of  values  represented  the  state  of  the  art  for 
nose  cones  of  this  type,  using  Process  #3. 

From  a  processing  standpoint,  the  conditions  used  in  Process  #3 
were  the  best  for  depositing  these  nose  cones.  Particular  attention  must 
be  paid  to  the  elimination  of  air  leaks  in  the  inlet  gas-flow  manifolds. 

E.  PROCESS  RECOMMENDATIONS 


For  future  depositions  of  nose  cones  of  this  type,  the  following 
conditions  were  recommended  for  those  skilled  in  the  art: 


MANDREL: 


INLET  NOZZLE: 


TEMPERATURE: 


Grade  "A"  graphite  or  equivalent,  machined, 
polished  and  lightly  precoated  with  pyro¬ 
lytic  graphite. 

Water-cooled,  preferably  rotating,  fitted 
with  a  graphite  shield,  having  a  gas 
orifice  of  .060-.090  inches  diameter, 
positioned  8-l/2  inches  from  the  nose 
tip. 

3750°F.  measured  with  an  optical  pyro¬ 
meter  , 


PRESSURE: 


3.0  mm.  Hg.  measured  in  the  deposition 
.furnace , 


GAS  FIOW  RATES:  a) 


b) 


Methane  or  dry  natural  gas  at  10  CFH 
measured  with  any  calibrated  flowmeter. 

Boron  trichloride,  technical  grade  or 
better  (Matheson  or  equivalent)  at  flow 
rates  varied  from  an  initial  value  of 
0.109  CFH  to  a  final  value  of  0.015  CFH, 
measured  with  any  calibrated  flowmeter. 


DEPOSITION  TIME:  55  hours,  or  adjusted  as  experience  dictates. 


Special  attention  should  be  paid  to  eliminate  air  leaks  in  the 
furnace  or  associated  inlet  gas  lines.  Boron  trichloride  is  particular¬ 
ly  sensitive  to  the  presence  of  air  and  lines  carrying  this  gas  will  plug 
with  B2O3  if  allowed  to  react  with  moist  air. 
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17.  MAMDREfc-HELATED  STUDIES 


A.  GRAPHITE  GRADE  SELECTION  FOR  MAM)HBLS  (TASKS  3 >3. 5) 

This  vork  was  carried  out  early  in  order  to  standardize  mandrel 
material  for  all  subsequent  tasks.  According  to  the  Work  State¬ 
ment  for  this  task,  "Grades  of  graphite  will  be  evaluated  for 
use  as  mandrels  considering  availability,  cost,  strength,  norositv 
and  machlnability . 11 

MAHDREL  PROPERTY  REQUIREMENTS 

The  graphite  mandrel  on  which  pyrolytic  graphite  is  deposited  is 
a  major  factor  affecting  the  quality  of  the  deposited  shape. 

Purity  of  the  graphite  must  be  high  to  prevent  boil-out  of 
metallic  impurities  onto  the  deposition  surface.  Strength  of  the 
granhite  must  be  adequate  to  maintain  shape  integrity  during  the 
deposition  but  allow  mandrel  breakage  during  subsequent  cool¬ 
down.  Thermal  expansion  characteristics  must  be  known  since  the 
mandrel  will  be  used  at  high  temperature.  A  low  thermal  expansion 
anisotropy  ratio  is  desirable  so  that  different  design  factors 
need  not  be  used  to  compensate  for  with-grain  and  across-grain 
orientations.  The  graphite  must  have  excellent  machinability 
giving  a  good  finish  with  close  tolerance.  The  macropore  sizes 
should  be  adequate  to  allow  bonding  of  the  deposit  to  the  mandrel 
during  the  early  phase  of  deposition  but  the  bond  should  fail 
during  subsequent  cool-down.  In  addition  to  having  the  fore¬ 
going  properties,  the  material  should  be  readily  available  in  sizes 
up  to  30  diameter.  The  cost  of  mandrel  materials  was  not  con¬ 
sidered  as  a  measurement  criterion  for  these  studies. 


PRIOR  MANDREL  EXPERIENCE 

It  was  originally  intended,  within  the  bounds  of  propriety,  to 
determine  the  current  mandrel  grades  used  by  the  industry.  This 
was  not  found  necessary,  however,  since  the  Marquardt  Corporation 
had  already  carried  out  such  a  study  and  made  the  results 
available,  Marquardt* s  report  indicated  that  ATJ  (Union  Carbide 
Corporation,  Carbon  Products  Division)  was  the  "standard"  mandrel 
material  used  by  most  producers.  ATJ  presented  size  limitations 
since  the  largest  billets  which  were  available  wepe  blocks  9"  X 
*nd  80lid  cylinders  l6§"diameter  X  14"  long.  The  study 
showed  that  larger  paHs  were  generally  prepared  using  mandrels^ 
of  one  of  the  following  grades: 


HLM— Great  Lakes  Carbon  Corporation 

CS  — Unior  Carbide  Corporation,  Carbon  Products  Division 

AUC— Union  Carbide  Corporation,  Carbon  Products  Division 


It  should  also  be  noted  that  while  Grades  X,  L,  and  M  had  been 
used  as  special  mandrel  materials,*  size  limitations  prevented 
their  general  usage, 

STANDARD  GRATE  SELECTION 


It  became  necessary  to  select  a  mandrel  grade  for  use  in  other 
tasks  in  this  contract  prior  to  the  completion  of  this  task.  The 
selection  allowed  work  in  other  tasks  to  be  accomplished  by 
their  programmed  dates.  Grade  A  was  selected.  It  met  requirements 
better  than  the  other  grades  already  in  use.  Grade  A  was  also 
chosen  as  the  "Standard"  material  in  Task  3*3*5  for  comparing 
results  with  other  grades  selected  for  evaluation. 

Previous  experience  with  D,  H,  and  N  grades  indicated  that  they 
did  not  meet  all  the  desired  requirements,  Macropore  sizes 
and  distributions  as  indicated  indirectly  by  post-deposition 
adhesion  between  mandrel  and  deposit  were  not  acceptable  for 
these  grades.  Chemical  purities,  although  generally  acceptable, 
presented  some  problems.  Lack  of  uniformity  from  billet  to 
billet  and  the  presence  of  localized  impurities  within  billets 
sometimes  caused  the  formation  of  large  nodules  in  the  deposits 
which  rendered  them  unacceptable. 

Experience  with  Grade  J  indicated  that  the  material  was  suffici¬ 
ently  pure  to  provide  satisfactory  deposits  but  that  mandrel 
treatment  techniques  were  not  adequate  to  satisfactorily  overcome 
adhesion  between  mandrel  and  part  during  cool-down. 

SELECTION  OF  EVALUATION  GRADES 


Graphite  vendors  were  contacted  for  grade  recommendations  and 
current  property  data.  The  grades  considex-ed  as  possible  candi¬ 
dates  for  mandrel  material  are  summarized  in  Table  III.  With  the 
exception  of  B,  G,  and  C,  all  other  materials  shown  in  the  table 
had  been  used  as  mandrels  with  seme  success.  As  requirements 
with  respect  to  surface  finish,  nodule  size  and  thickness-to- 
radius  x'atios  become  more  demanding  the  mandrel  characteristics 
for  successful  or  satisfactory  performance  became  more  critical. 

The  grades  selected  for  further  investigation  were  B,  E,  and  C. 
The  B,  and  E  materials  were  selected  with  a  known  compromise. 

The  grain  size  was  relatively  large,  indicating  a  less  desirable 
macropore  size  distribution  than  Grade  A  but  it  was  felt  that 
a  mandrel  material  available  in  larger  sizes  than  A  should  be 
evaluated. 


*  For  graphite  identification  contact  MATC,  Air  Force  Materials 
laboratory,  WPAFB. 
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GRAPHITE  GRflUE  E7ALUATI0H 


For  ■'•he  evaluations,  mandrels  of  each  material  vere  fabricated 
using  two  designs: 

A.  0,l88"  thick  wall,  spirally  grooved  to  0.120"  thick, and 

B.  Constant  0,120"  thickness. 

This  allowed  direct  comparison  to  experiments  conducted  in  the 
other  tasks  with  Grade  a  mandrels  of  similar  designs.  All 
mandrels  were  prepared  on  the  same  lathe,  using  the  same  turning 
speeds  and  tool  feed  rates.  The  machine  operator  reported  that 
the  materials  acted  essentially  the  same,  except  Grade  C  which 
•was  noticeably  harder.  The  mandrels  were  subsequently  polished 
with  oOO  grit  paper.  Samples  of  these  grades  similarly  prepared 
are  shown  for  comparative  purposes  in  Figures  7  through  10  . 

RESULTS 

On  the  basis  of  the  data  indicated  in  Table  III  and  experimental 
results,  the  following  rating  system  has  been  established  for 
comparing  graphite  grades: 

Rating  Factor  =  Ksf  .  K^g 

where  Ka  <=  an  arbitrary  constant  denoting  quality 

with  respect  to  ash  content 

Kgf  =  an  arbitrary  constrnt  denoting  quality 
with  respect  to  surface  finish 

Kms  =  an  arbitrary  constant  denoting  quality 
with  respect  to  mandrel  separation. 

The  scale,  used  in  this  work  for  values  of  the  constant,  was 

2  =  preferred 

1  <=  acceptable 

0  -  unacceptable* 

The  rating  factors  which  were  then  derived  are  shown  in  Table 
IV.  Rating  factors  of  h  or  greater  are  preferred, 

2  is  acceptable  and  0  is  unacceptable. 


*A  rating  of  zero  for  any  of  the  constants  will  lead  to  a  rating 
factor  of  zero  (unacceptable)  since  the  factors  are  to  be  mult j ~ 
plied. 
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Two  of  the  grade  a  shown  in  Table  III  vhich  were  not  eliminated 
on  the  basis  of  properties  were  G  and  F.  Both  of  these  materials 
appeared  to  have  at  least  accejjtable  ratings,  excluding  the  mandrel 
separation  rating  which  would  have  to  be  obtained  experimentally. 
However,  the  mandrel  grade  recommendationo  for  this  program  are 
limited  to  those  evaluated.  None  of  the  grades  determined  &.B 
acceptable  were  available  in  sufficient  si zes  to  make  tin-: 
for  the  largo  frustum  required  in  the  original  Work  Statement. 

This  would  require  a  billet  approximately  32"  diameter  and  even 
Grade  B  was  available  only  to  30". 

SUMMARY  AND  CONCLUSIONS 


Evaluation  of  graphite  grades  for  mandrel  use  has  been  carried 
out  experimentally,  using  Grade  A  graphite  as  a  standard  for  comparison. 

The  primary  factors  evaluated  were  ash  content  (or  purity),  surface  finish 
(or  raachinabillty)  and  mandrel  separation  (or  post-deposition  release). 

As  such  evaluations  are  apt  to  be  subjective,  a  relationship  was  developed 
which  provided  an  overall  rating  factor  from  the  primary  factors.  The 
results  of  the  evaluation  showed  that: Grade  A  and  C  graphites  were  preferred, 
B  graphite  was  better  than  acceptable  but  less  than  preferred,  and  E  was 
unacceptable . 

GRADE  RECOMMENDATIONS 


Of  the  grades  considered,  three  had  properties  consistent  with 
the  requirements  in  other  tasks  of  this  contract:  A,  C  and  B.  These 
grades  were  specified  for  use  as  mandrels  and  associated  assembly  parts 
where  post -deposition  release,  surface  finish  and  nodules  are  design 
considerations . 

B.  MANDREL  DESIGN  (TASK  3.3.3) 

According  to  the  Work  Statement  for  this  task,  "Mandrels  with  con¬ 
trolled  thickness  variations  will  be  evaluated  for  controlling  the 
breakage  patterns  during  post-deposition  cool-downs.  This  will  reduce 
cracking  by  providing  restraint  or  stress  relief,  depending  on  which 
is  required  for  a  given  portion  of  a  deposited  shape" 

BACKGROUND 

The  proper  design  of  graphite  mandrels  to  produce  pyrolytic  graphite 
parts  within  dimensional  tolerance  require:;  consideration  of  a  number 
of  factors.  The  outside  dimensions  of  a  deposit  are  determined  at 
deposition  temperature  Initially  by  the  mandrel  size  at  that  tempera¬ 
ture,  Thus  the  room  temperature  dimensions  of  the  mandrel  must  be 
adjusted  to  allow  for  thermal  expansion  of  the  mandrel. 

Normal  design  procedures  use  graphite  mandrels  which  fail  in  tension 
on  eool-down,  while  shrinking  onto  the  deposit  as  a  result  of  the 
difference  in  thermal  expansion  coefficients.  Thus, the  outside 


dimensions  of  the  deposit  at  room  temperature  are  determined  by  the 
final  outside  deposit  dimensions  at  deposition  temperature  in  the 
normal  case.  This  factor  must  be  incorporated  into  the  initial  mandrel 
size,  also. 

.Another  factor  to  be  considered  is  the  dimensional  instability  (growth 
of  deposit  by  auncaliiig)  at  deposit j on  temperature.  The  mandrel  must 
not  be  too  thin  or  it  will  break  early,  during  deposition,  allowing 
out -of-  roundness  to  develop.  The  mandrel  must  be  thick  enough  to 
resist  creep  during  deposition  but  a  mandrel  which  is  too  thick  will 
not  fail  early  enough  dur.’ri  post -deposition  cool-down,  and  may  impose 
loads  on  the  deposit  which  cause  it  to  crack  or  delaminate. 

i* 

INITIAL  MANPKEL  DESIGN 

Since  this  task  was  scheduled  in  parallel  with  others  in  this  group, 
a  cylindrical  mandrel  design  was  selected  for  the  other  tasks  which 
would  provide  additional  information  for  this  task.  Grade  A  graphite 
was  specified,  with  a  mandrel  thickness-to-deposit  thickness  ratio  of 
1.4:1.  Past  experience  with  breakage  patterns  had  not  always  been 
favorable  for  this  proportion,  however.  Often  the  only  breakage  was 
in  one  or  two  axial  cracks  rather  than  in  the  desired  random  crazing 
pattern.  Usually  when  a  mandrel  failed  in  axial  cracking  alone,  not 
only  did  out-of-  roundnes3  occur  but  also  serious  surface  spalling  of 
the  deposit . 

•  • 

In  order  to  correct  this  situation,  a  mandrel  thickness  was  selected 
which  gave  a  2:1  ratio  and  then  it  was  undercut  spirally  (one  inch 
lead)  back  to  the  1,4:1  ratio.  This  design  favored  the  release  of 
circumferential  mandrel  stresses  by  initial  failure  of  the  reduced 
section  which  had  same  axial  component .  Subsequent  axial  cracking 
was  through  the  full  cross-section.  Long,  continous  axial  cracks 
were  prevented  this  way.  Figures  11  and  12  show  schematically  such 
a  mandrel  before  p/nd  after  failure.  In  Figure  12,  notice  the  large 
number  and  relatively  small  size  of  each  fragment  after  failure.  This 
pattern  provided  the  desired  symmetrical  breakage,  deposit  roundness 
and  reduction  of  spalling. 

MANDHSL  DESIGN  EVALUATION  FOR  CYLINDERS 

The  experiments  in  the  cylinder  deposition  run  in  this  task  used 
three  iaothickness  mandrels  (no  undercutting)  with  mandrel -to-part 
thickness  ratios  from  0.7  to  2.8:  1  and  two; spirally  undercut 
thickness-to-part  ratios  of  0.7:1  and  2:1.  In  addition,  another 
mandrel  was  undercut  axially  at  120°  intervals  to  evaluate  the 
effects  on  deposit  roundness  of  straight, f  axial  mandrel  cracks.  The 
mandrel  was  otherwise  proportioned  like  the  mandrels  used  for  the  other 
tasks  in  this  group  (3.3,1,  3.3^2,  3.3.4  and  3.3.5). 


!  J UuTS  FOR  ClXIiJflERS 

ir‘Ur‘  results  of  tie  cylinder  experiment  conaucted  in  this  task  and  the 
related  information  generated  by  using  the  mandrel  design  indicated 
for  the  other  tasks  in  this  group  were  as  follows:  all  the  mandrel 
designs  were  thin  enough  to  fail  during  cool-down.  The  isothickness 
mandrels  all  broke  in  a  desirable  random  pattern  typified  by  the 
lower  mandrel  in  Figure  13  (this  mandrel  was  a  0.7:1  isothickness 
design).  The  mandrel  shown  as  the  upper  piece  in  Figure  13  was  the 
1.4;  1  axially  undercut  mandrel.  In  this  particular  case,  note  that 
the  only  mandrel  failure  occurred  along  the  axial  slots.  Figure  14 
typifies  the  mandrel  breakage  pattern  experienced  with  the  spiral 
undercut  design.  Although  it  is  not  clear  in  this  figure,  the  under¬ 
cut  area  failed  along  its  length.  The  mandrel  design  shown  utilized 
a  1.4:1  ration  with  a  l"  lead  spiral  undercut.  The  total  mandrel 
thickness  was  approximately  twice  the  intended  deposit  thickness. 

The  results  of  the  experiments  indicated  that  for  isothickness 
mandrels,  a  mandrel  thickness-to-deposit  thickness  ratio  of  0.7:1 
produced  parts  whose  out -of -roundness  was  satisfactory.  The  axial 
undercut  was  unacceptable  on  the, same  basis.  Mandrel-to-deposit 
thickness  ratios  of  1.4:1  to  2.8:1  were  found  to  be  acceptable 
whether  undercut  or  not. 

As  a  result  of  these  observations,  a  1.4:1  spiral  undercut  mandrel 
was  designed  for  use  in  deposition  run  #3  of  Task  3. 3.1/3. 3. 2  with 
a  thicker  deposit  than  had  previously  been  planned,  thus  increasing 
the  absolute  mandrel  thickness.  The  mandrel  performance  was  determined 
to  be  good  but  the  mandrel  was  seme what  thicker  than  required  if  judged 
by  the  type,  number  and  distribution  of  mandrel  cracks  generated  on 
cool-down. 

Girice  the  initially  recommended  Grade  A  mandrel  was  used  for  several 
tasks,  sufficient  data  was  collected  to  indicate  that  Grade  A 
mandrel  (for  internal  deposits)  should  have  dimensions  1$  ±  0.25$ 

smaller  than  the  desired  deposit  dimensions  (both  diameter  and  length). 
This  design  value  corrected  for  the  dimensional  changes  in  the  mandrel 
during  heat-up  and  the  dimensional  changes  in  the  deposit  during 
subsequent  cool-down  to  roam  temperature.  It  produced  cylinders  of 
the  desired  size.  On  the  basis  of  more  limited  data,  the  mandrel  size 
correction  factors  for  Grade  C  and  B  graphites  were  determined  to  be 
about  1.5$  and  1.2$  respectively.  However,  the  factor  shown  for 
Grace  C  was  a  result  of  only  two  observations  and  for  3  was  based  on 
a  single  observation. 

Mandrel  thickness  specifications  for  materials  other  than  Grade  A 
were  based  on  manufacturer’s  strength  data  as  found  in  references 
.1,2,3  and  4;  and  observations  recorded  when  conducting  the  experiments 
in  Task  3.3.5*  On  the  basis  of  strength,  mandrel  thickness  should 
be  corrected  by  multiplying  the  thickness  determined  for  Grade  A  by 
the  following  factors: 
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A 


C  —  1 

B  --  1.1*- 

The3e  factors  were  determined,  from  comparisons  of  published  values 
for  transverse  (flexural)  strengths  Mandrel  failure  occcurs  in 
tension  but  tensile  strengths  for  these  graphites  are  directly 
proporti9nal  to  flexural  strengths  for  graphite,  the  accepted  factor 
being  about  60$  (reference  4). 

EXTENSION  OF  WORK  TO  FRUSTUMS 

The  final  experiment  of  Task  3-1.3  "was  the  deposition  of  two  frustums 
of  the  type  shown  in  Figure  15,  using  mandrels  of  two  different  designs. 
One  design  was  based  on  the  results  for  cylinders  and  used  a  thick 
mandrel  spirally  undercut  to  a  ratio  of  1.35 1  1  for  undercut  mandrel- 
to-deposit  thickness.  Actually,  two  opposed  spirals  were  used  to 
increase  the  number  of  breakage  lines.  The  uncut  mandrel-  to-deposit 
thickness  ratio  was  1.9:1.  The  second  design  was  a  tapered  mandrel 
with  a  variable  mandrel  thickness  along  the  length,  adjusted  for 
deposit  diameter  and  thickness.  The  mandrel  thickness-to  -deposit 
thickness  varied  from  1.9:1  at  the  large  end  to  1.35:1  at  the  small 
end. 

RESULTS  FOR  FRUSTUMS 

The  undercut  mandrel  provided  a  round  deposit  with  satisfactory 
unmachined  surface  finish.  The  1$  correction  value  for  mandrel  size 
applied  to  frustums  as  well  as  it  did  for  cylinders.  The  mandrel 
breakage  pattern,  along  the  spiral  undercuts,  was  as  satisfactory  as 
that  shewn  in  Figure  14  for  cylinders. 

In  contrast,  the  tapered  mandrel  did  not  produce  a  satisfactory 
surface.  The  outer  surface  of  deposit  spalled  as  shown  in  Figure  16. 
Although  the  breakage  pattern  was  random,  as  desired,  and  the  average 
fragment  was  small,  breakage  occurred  catastrophically.  Mandrel  parts 
were  found  over  an  unexpectedly  wide  area  of  the  furnace  floor.  Some 
had  portions  of  the  deposit  still  adhering. 

SUMMARY  AND  CONCLUSIONS 

It  is  possible  to  design  mandrels  of  proper  thickhess  to  provide 
strength  during  deposition  and  yet  allow  failure  during  post-deposition 
cool-down.  Mhnirels  of  grade  A,  C  or  B  (the  grades  recommended  from  Task 
3.3*5)  should  be  1  to  1,5  times  aB  thick  as  the  intended  deposit. 

Mandrel  breakage  must  not  be  purely  by  axial  cracking  or  roundness 
will  not  be  preserved.  The  beBt  way  to  prevent  this  is  to  provide  spiral 
undercut  grooves  which  fail  early.  Heavier  mandrels  with  undercut  spirals 
having  the  1  to  1.5  times  deposit  thickness  have  been  found  to  be  satis¬ 
factory  for  cylinders  and  frustums. 
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It  should  be  pointed  out  that  none  cone  mandrels  were  not  covered 
in  this  vork.  A  number  of  factors,  peculiar  to  nose  cones,  might  alter 
the  application  of  the  principles  developed  for  cylinders  and  frustums. 

For  instance: 

1.  A  nose  cone  mandrel  is  usually  free  at  one  end  and 
restrained  at  the  other. 

2.  A  point  of  symmetry  exists  at  the  nose.  At  or  near 
this  point,  cool-down  stresses  may  be  accommodated 
without  mandrel  failure. 

3.  The  deposit  in  the  nose  area  may  be  different  with 
respect  to  anisotropy,  orientation  and  de lamination 
patterns  than  elsewhere  in  the  deposit. 

From  these  considerations,;  mandrel  failure  in  nose  cones  could  be 
expected  to  be  different  than  mandrel  failure  in  cylinders  and  frustums. 

For  the  27  nose  cones  deposited  in  Task  3.5»1>  only  one  mandrel  failed  in 
the  nose  region  and  seven  mandrels  did  not  break  at  all.  When  this  occur¬ 
red,  the  deposit  extended  below  the  mandrel  after  cool-down,  as  shown  in 
Figure  17. 

MANDREL  DESIGN  RECOMMENDATIONS 

Mandrels  for  deposition  of  cylinders  or  frustums  should  be  made 
by  the  spirally  undercut  technique.  If  an  increase  in  the  number  of 
breakage  pieces  Is  desirable  (as  In  the  case  of  larger  deposits)  this  Is 
best  accomplished  by  the  use  of  opposed  spirals.  Undercut  mandrel  thickness- 
to-deposit  thickness  ratios  should  be  in  the  range  of  1:1  (for  A  or  C 
graphites)  to  1.5:1  (for  B  graphite). 

C.  MANDREL  SURFACE  TREATMENTS  (TASK  3.3  A) 

According  to  the  Work  Statement  for  this  task,  "Further  technique 
development  will  be  conducted  relative  to  the  treatment  of  mandrel 
surfaces  for  providing  easy  release  during  post -deposition  cool-down. 

This  will  reduce  spallation  from  the  surface  of  the  deposits  at  the 
mandrel-deposit  interface,  due  to  high  shear  stresses."’ 

A 

BACKGROUND 


Producing  parts  with  smooth  surfaces  and  minimum  spalling  is  frequently 
difficult  since  the  mandrel  graphite  is  porous  and  can  became  mechani¬ 
cally  locked  to  the  pyrolytic  graphite  deposit  at  its  surface.  During 
cool-down,  this  mechanical  bond  is  broken  by  shearing  at  the  interface. 
A  bond  at  the  mandrel-deposit  interface  is  desirable  since  the  initial 
deposit  is  not  self-supporting  and  must  depend  on  the  mandrel  for 
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integrity  and  shape.  A  good  mandrel-  deposit  bond  is  one  which  provides 
the  necessary  support  during  deposition  but  shearB  during  subsequent 
cool-down  (i.e.,  on  cool-down  the  interface  has  a  significantly  lower 
shear  strength  than  the  deposit).  A  common  technique  for  aiding  the 
separation  between  mandrel  and  deposit  is  to  precoat  the  mandrel  with 
from  .001  to  .010  inches  of  pyrolytic  graphite,  discontinue  the 
deposition  process  temporarily  and  then  deposit  the  required  component. 
In  theory,  this  provides  a  locked  coating  on  the  mandrel  onto  which 
the  part  will  be  deposited  with  the  Interface  between  the.  coating  and 
component  having  the  lowest  shear  strength  of  the  system.  This  tech¬ 
nique  is,  at  best,  only  partially  successful.  The  interface  between 
coating  and  component  is  not  always  the  site  of  failure.  Some  portions 
of  a  surface  may  have  failed  at  the  mandrel-coating  interface,  seme  at 
the  coating-component  interface,  and  still  other  portions  may  have 
failed  within  the  deposited  component  material  itself. 


TECHNIQUES  SELECTED  FOR  EVALUATION 


The  following  techniques  were  considered  in  this  task: 

A.  Suii'ace  ixujLaheS. 

1.  Polished  surface. 

2.  As-machined  surface  (lathe). 

3.  Roughened  surface. 

a)  Abrasion  with  coarse  paper. 

b)  Controlled  oxidation. 

B.  Deposition  variations 

1.  No  precoat,  using  the  surface  finishes  in  A. 

2.  ,002  inch  precoat,  using  the  surface  finishes  in  A. 

3.  Thick  precoat  (.OV1) 

C.  Surface  contaiminants. 

1.  Tungsten  Carbide  powder, 

2.  Pyrolytic  graphite  soot. 

The  experiments  of  A  &  B,  with  the  exception  of  B-3,  were  designed 
to  evaluate  mandrel-to-coating,  coating -to-deposit  and  mandrel-to- 
depcsit  separation  characteristics.  The  experiments  conducted  in  Port 
C  evaluated  the  bond  strength  between  mandrel  and  deposit  when  particu¬ 
late  matter  was  introduced  at  their  interface,  B-3  was  the  equivalent 
of  a  single  level  ©valuation  of  a  pyrolytic  graphite  mandrel.  The 
relatively  heavy  pro? cat  thickness  was  selected  to  insure  that  it  would 
be  stronger  than  the  mandrel  and  thus  be  the  controlling  influence. 


RESULTS 


A  number  of  deposits  were  made  evaluating  the  techniques  out¬ 
lined.  The  pyrolytic  mandrel  or  thick  precoat  was  unacceptable,  as  there 
was  no  clear  demarcation  between  precoat  and  deposit.  It  was  impossible 
to  remove  the  precoat  except  by  machining.  Other  techniques,  although 
better  than  the  pyrolytic  graphite  mandrel,  still  were  not  completely 
acceptable.  The  sooted  precoat,  although  very  effective  in  the  first 
attempt,  was  unsuccessful  when  tried  in  a  different  furnace.  The  difficulty 
of  controlling  the  degree  of  sooting  makes  the  use  of  thiB  technique 
difficult.  The  tungsten  carbide  powder  rubbed  into  the  mandrel  surface 
gave  satisfactory  results  but  was  not  recommended  because  of  the  difficulty 
of  obtaining  uniformity  and  the  possibility  of  contamination  of  the  deposit. 


Mandrels  left  in  the  as-machined  condition  or  roughened  by  a 
controlled  method  produced  parts  which  were  generally  rated  as  having 
better  mandrel  release  than  those  mandrels  which  had  been  intentionally 
polished.  In  some  cases,  the  roughened  mandrels  altered  the  macrostructure 
of  the  ma-cerial  by  increasing  the  average  grain  size  in  the  deposit. 

Also,  patterns  such  as  the  circumferential  marks  left  by  lathe  tools  were 
visible  in  the  deposit.  The  increased  grein  size  in  itself  was  not 
deleterious  unless  carried  to  extremes.  It  could  even  be  advantageous 
by  reducing  the  effects  of  an  isolated  nodule  (large  grain)  caused  by 
a  serious  mandrel  surface  discontinuity.  Cylinders  of  extremely  fine 
grain  material  with  an  isolated  nodule  at  near  maximum  thickness-to- 
radius  ratio  usually  failed  axially  through  the  nodule  during  cool-down. 

A  structure  which  had  a  fine  grain  size  was  more  susceptible  to  isolated 
imperfections.  A  nodule -forming  imperfection  was  less  deleterious  when 
the  average  grain  size  was  larger.  The  nodule  was  then  restricted  by 
growth  interference  from  the  adjoining  structure  and,  even  if  not  inhibited 
by  interference,  represented  a  smaller  stress  concentration  than  the  same 
size  nodule  in  fine  grained  material. 

Polishing  of  the  mandrels  had  the  disadvantage  that  adjacent 
shear  areas  between  mandrel  and  precoat  or  mandrel  and  deposit  were 
increased  in  size  by  the  removal  of  peaks  and  valleys  on  the  mandrel 
surface.  If  the  pre coat -mandrel  bond  did  not  break,  the.  resulting  surface 
spall  of  wne  part  was  over  a  re  Datively  large  area.  Where  the  precoat- 
mandrel  bond  did  fail  with  a  polished  mandrel,  it  did  so  over  a  large 
area.  In  neither  case,  however,  was  the  surface  condition  as  good  as  with 
o  roughened  mandrel 

Df  the  techniques  used  for  roughening  mandrels,  oxidation  gave 
the  best  Jesuits  and  seemed  to  offer  a  convenient,  reproducible  technique. 
However,  there  was  a  noticeable  variation  in  surface  appearance  for  samples 
oxidized  at  nominal  temperatures’ of  1000°  or  1150°F.  for  periods  of  one 
hour.  These  differences  were  attributed  to  : 

1.  Variations  in  air  circulation  within  the  ovens, 

2.  Temperature  gradients  within  the  ovens. 

3.  Geometrical  differences  in  mandrels. 


a)  As  they  affect  the  aurface/weight  ratio. 

b)  As  they  affect  air  circulation  across  the  surface. 

It  became  apparent  in  these  studies  that  the  oxidation  technique 
was  not  so  easily  reproduced,  as  anticipated,  and  would  be  difficult  to 
control  on  larger  pieces.  In  view  of  this  concern,  the  other  techniques 
were  reviewed  for  possible  further  contribution.  The  review  indicated 
that  one  of  the  major  difficulties  with  the  precoat  techniques  was  the 
spall  left  on  the  surface  of  the  deposit  when  the  interface  between 
precoat  and  c exponent  was  not  the  failure  site.  This  difficulty  could 
be  minimized  by  making  the  precoat  exceptionally  thin  (less  than  .0005"). 


Pour  experiments  were  conducted.  In  the  first,  the  mandrels  were 
oxidized.  In  the  second,  the  mandrels  were  3 imply  polished  with  600  grit 
paper.  In  the  third  and  fourth,  the  oxidized  and  polished  surfaces  were 
coated  with  .0003"  of  pyrolytic  graphite  prior  to  component  deposition. 

The  results  of  the  experiments  clearly  indicate  the  advantage  of  a  thin 
precoat.  Figure  18  shows  the  good  surface  obtained  by  the  oxidation 
technique  compared  with  the  better  surface  obtained  when  the  mandrel  is 
polished  and  then  lightly  precoated.  Figure  19  shows  the  surface  obtained 
with  oxidized  precoated  mandrels.  When  compared  with  the  unoxidized  pre¬ 
coated  mandrel  of  Figure  l8a,  it  is  evident  that  there  is  no  advantage  to 
oxidizing  the  mandrel  prior  to  a  thin  precoat, 

SUMMARY  AMD  CONCLUSIONS 

The  factors  which  allow  a  good  mandrel-deposit  bond  followed 
by  uniform  shear  failure  during  post-deposition  cool-down  are  not 
limited  to  the  treatment  of  the  mandrel  surface.  Mandrel  design  as  related 
to  failure  characteristics  and  mandrel  material  properties  are  also  signifi¬ 
cant.  The  recommended  design  of  Task  3.3«3>  the  materials  recommended 
in  Task  3-3-5  and  the  surface  treatment  recommendation  given  here 
consider  the  inter-relationship.  This  combination  of  recommendations  has 
been  applied  outside  this  contract  to  full  scale  re-entry  hardware,  with 
results  equivalent  to  those  shown  in  Figure  18a. 

MANDREL  TREATMENT  AND  RECOMMENDATIONS 


The  following  mandrel  surface  treatment  should  be  used  when 
depositing  pyrolytic  graphite  or  boron  alloyed  pyrolytic  graphite 
components: 

A.  The  mandrel  to  be  used  should  have  been  designed  and  the 
material  selected  on  the  basis  of  the  recommendations  of 
Tasks  3.3*3  and  3-3- 5>  respectively. 

B.  The  mandrel  should  be  polished  with  600  grit  paper  until 
all  machining  marks  are  removed. 

?.  Aft.t?,-  polishing,  the  nandrel  should  be  washed  thoroughly 


with  acetone  or  any  other  appropriate  volatile  organic 
cleaning  agent. 

D.  The  mandrel  should  then  be  installed  in  the  deposition 
assembly,  exercising  care  that  the  deposition  surface 
is  not  touched  by  hands  or  implements. 

E.  After  heating  the  assembly  to  the  deposition  tempera¬ 
ture,  the  precoat  should  be  deposited  using  appropriate 
pyrolytic  graphite  processing  parameters.  The  deposition 
should  be  conducted  for  a  period  of  time  corresponding 

to  a  deposit  thickness  of  0,00027"  to  .0005. 

P.  After  this  period  the  deposition  process  should  be 
interrupted  for  a  period  of  at  least  15  minutes  and 
then  restarted  at  the  parameters  selected  for  the 
desired  deposit. 

D.  MANDREL  TERMINATION  DESIGN  (TASK  3.3.1  AND  3.3.2.) 


According  to  the  Work  Statement  for  Task  3.3.1,  "Mandrel  termination 
techniques  will  be  further  developed  for  minimizing  the  loss  of 
otherwise  acceptable  nose  tips  and  frustums  due  to  cracks  or  delami¬ 
nations  propagating  from  material  deposited  in  other  sections  of  the 
furnace."  The  Work  Statement  for  Task  3.3.2  reads,  "Mandrel  termin¬ 
ation  techniques  will  be  further  developed  for  retaining  roundness 
of  deposits  during  cool-down  from  deposition  temperatures  to  room 
temperature." 

These  two  tasks  were  combined  when  it  was  found  possible  to  incorp¬ 
orate  both  types  of  terminations  in  combined  deposition  runs  in  the 
furnaces. 

BACKGROUND 


A  primary  problem  in  crack  and  delamination  control  is  associated  with 
the  manner  in  which  the  component  being  deposited  is  separated  from 
other  regions  (exhaust  and  inlet  structures)  where  material  has 
deposited  which  is  apt  to  be  cracked  or  delaminated.  Terminations 
which  act  as  effective  crack  and  delamination  isolaters  net-ween  such 
a  component  and  its  associated  structures  may  also  be  useful  in 
isolacing  multiple  parts  where  it  is  necessary  to  connect  them  together. 
Although  it  is  not  intended  that  any  of  the  multiple  parts  crack,  the 
possibility  does  exist  that  a  nodule,  for  Instance,  might  cause  a 
crack.  Effective  terminations  between  several  parts  can  prevent  the 
propagation  of  the  crack  from  the  failed  part  into  others.  Separators 
or  end  termination  on  mandrels  should  ideally  allow  disassembly  with¬ 
out  generation  of  additional  stress  which  might  crack  or  delaminate 
deposited  components.  Terminations  have  been  designed  to  stop  cracks 
and  delaminations;  also  to  allow  or  even  promote  delaminations  while 
stopping  crack  propagation.  The  second  type  of  tevrai nation  is  required 
when  a  curved  deposit  has  a  thl ekness-to-radius  of  curvature  ratio 


exceeding  that  for  crack  and  de lamination-free  fabrication.  In  this 
particular  case  special  efforts  must  be  made  to  insure  that  the 
excessive  residual  stress  is  relieved  by  delaminations  since  axial 
cracks  generally  render  a  part  unacceptable.  In  certain  conditions, 
termination  design  can  influence  the  roundness  of  a  deposited  part. 

Early  efforts  at  termination  design  were  concerned  with  the  first 
type.  If  the  included  angle  is  proper,  pyrolytic  graphite  deposited 
at  the  juncture  of  two  mandrel  surfaces  can  be  made  to  establish  a 
plane  of  weakness.  This  is  shown  in  Figure  20,  for  a  right-angle 
juncture.  Cracks  or  delaminations  originating  in  either  section  of 
the  pyrolytic  graphite  deposit  do  not  usually  propagate  across  a 
plane  of  weakness.  This  simple  type  represented  the  state  of  art  at 
the  beginning  of  this  contract. 

TEBMUtATION  EE  SIGNS 


For  these  tasks,  a  number  of  experiments  were  planned  to  determine 
the  most  effective  termination  design  for: 

A.  Crack  and  de  lamination-free  deposits. 

B.  Crack-free  deposits. 

C.  Preservation  of  roundness. 

For  cylinders,  eight  different  designs  were  evaluated  in  category  A, 
seven  in  category  B,  and  two  in  C,  The  geometry  and  proportions  of 
the  designs  are  shown  in  Figures  21,  22  and  23,  respectively.  To 
effectively  evaluate  each  design,  it  was  necessary  that  the  deposi¬ 
tion  assembly  provide  a  component  adjacent  to  each  termination  which 
would  be  crack-  and  delamination-free  (for  categories  A  and  C)  or 
crack-free  (for  B),  On  the  other  side  of  the  termination  a  region 
was  required  which  would  crack  and  delaminate.  For  this  purpose, 
high  stress  regions  were  placed  adjacent  to  the  conventional  tubes  as 
shown  in  Figure  2b.  The  top  end  of  the  top  tube  and  bottom  of  the 
bottom  tube  were  adjacent  to  the  sharp  radius  at  the  retainer  lid  and 
bottom.  The  other  ends  of  the  top  and  bottom  tube  and  both  ends  of 
the  middle  tube  were  adjacent  to  a  separator  (Figure  23)  which,  by 
its  design,  f  -seeded  the  allowable  thickness-to-radius  ratio. 

RESUHTS 


All  category  A  terminations  developed  well  defined  plans  of  weakness 
and  effectively  stopped  delaminations.  Several  cracks  were  generated 
in  bottom  tubes  at  the  retainer  ends  which  propagated  into  the  tube 
sections.  Despite  the  higher  thickness  to  radius-of -curvature  ratjos 
in  the  separators,  it  was  necessary  to  induce  axial  cricks  in  them 
by  sawing.  Only  then  could  the  effectiveness  of  adjacent  terminations 
be  determined.  The  plane  of  weakness  between  the  tube  end  and 
separator  failed  when  the  induced  crack  propagated  to  the  plane.  The 
failure  at  this  shear  line  isolated  the  separator  from  the  tube  and 
stopped  the  crack  propagation.  Subsequent  stress  measur nnents  indi¬ 
cated  inner  fiber  tensile  stress  in  the  tube  section  but,  unexpectedly, 
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compressive  inner  fiber  stress  in  the  separator  section.  A  part 
similar  to  those  fabricated  in  this  task  is  shown  in  Figure  2 6  with 
the  separators  still  attached.  Figure  27  is  a  separator  before  and 
after  axial  cutting  for  stress  measurement.  The  opening  of  the 
cut  demonstrated  the  inner  fiber  compressive  residual  stress.  This 
separator  design  was  then  incorporated  into  experiments  conducted  for 
several  tasks  with  essentially  100$  success.  It  effectively  isolated 
a  sound  part  from  any  cracks  formed  during  cool-down  or  in  subsequent 
setup  disassembly.  A  theoretical  analysis  (Task  3*^*^)  was  given 
for  the  separator  configuration  by  Dr.  T.  Me  Donough>  GE-R3B.  Details 
are  presented  in  Appendix  IV  of  this  report. 

Category  B  terminations  are  not  generally  required  to  stop  str<  is 
generated  cracks  since  a  portion  of  the  stress  will  have  been  relieved 
by  delaminations.  The  Type  VII  termination  was  the  most  effective  in 
inducing  delaminations.  The  separators  used  in  the  category  A  experi¬ 
ments  were  again  effective  ir.  crack  stopping  with  the  "B"  configurations. 
The  need  for  category  C  terminations  is  minimized  with  good  mandrel 
design.  Also,  the  combination  of  separator  and  category  A  and  B 
terminatio’-s  was  found  to  provide  and  maintain  roundness  in  deposits. 

As  a  result,  Task  3*3*2  was  de-emphaslzed  and  the  effort  reassigned 
in  other  tasks  (including  3*3*1) •  OJhe  mandrel  design  selected  as 
standard  for  this  work  produced  all  parts  with  better  than  average 
roundness.  It.  was  thus  difficult  to  identify  any  contributions  from 
the  two  roundness  terminations  used. 

Additional  work  was  carried  out  for  cylinders  in  Tasks  3*3*3  and 
3*3.^,  in  which  type  III,  category  A  ternunations,  were  used  with 
separators.  The  results  indicated  that  the  type  111  proportions 
are  still  satisfactory  when  scaled  for  thicker  or  thinner  deposits. 

Separator  design  was  varied  and,  with  constant  tube  diameters  of  3 
inches,  throat  radii  from  3/l6  to  3/8  inches  all  showed  the  stress 
reversal  effect.  No  direct  correlation  between  radii  and  measured 
stress  values  could  be  found, 

A  frustum,  as  shown  in  Figure  28,  was  deposited  using  a  separator  6 
inches  in  diameter.  A  l/4-inch  throat  radius  performed  successfully. 
Cracks,  formed  in  the  lower  support  structure,  were  isolated  from 
the  frustum  by  the  separator  and  type  III  termination. 

SUMMARY  AMD  CONCLUSIONS 


Terminations  have  been  designed  and  evaluated  for  use  in  cylinder 
deposition  which  are  effective  in  producing:  a)  crack-and  delamination- 
free  deposits,  b)  crack-free  deposits;  and  c)  round  deposits.  When  used 
in  conjunction  with  a  separator  as  shorn  in  Figure  2k ,  these  terminations 
provide  easy  disassembly  after  deposition. 

HECXM^iTDATIONS 


The  type  III  termination  in  category  A  is  judged  the  nest  for 
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future  work  since  it  is  the  easiest  to  fabricate  and  provides  a  well- 
defined  plane  of  weakness.  It  does  not  protrude  into  the  gas  stream  so 
far  as  to  cast  a  large  shadow  on  the  mandrel  surface  or  to  induce  turbu¬ 
lence. 

Type  III  category  Bis  judged  the  best  *-ermination  for  most 
work,  unless  the  part  curvature  does  not  clearly  indicate  that  delamina¬ 
tions  will  be  formed  and  thus  residual  stress  might  abe  relieved  catastro 
phically  by  axial  cracking.  If  the  latter  is  true,  then  the  type  VII  ter 
miration  should  be  used  to  promote  de laminations. 

A  separator  the  type  shown  ii.  figure  25  should  be  used  in 
conjunction  with  the  termination  .ls.: '"""'ended  for  category  A  and  whenever 
crack  propagation  appears  to  be  a  problem  in  .injunction  with  the  cate¬ 
gory  B  terminations. 

A  lA-inch  throat  radius  was  satisfactory  for  cylindrical 
mandrels  of  2  inch  to  6  inch  inside  diameter.  It  might  be  satisfactory 
beyond  that  range,  but  this  has  not  been  experimentally  verified,  (leper 
ator  height  is  not  known  to  be  critical  but  should  probably  be  scaled 
from  geometric  considerations.  If  the  separator  were  too  high,  stress 
reversal  might  not  be  realised  at  the  separator-termination  interface.  I 
the  separator  were  not  high  enough,  its  geometry  would  be  altered  ap¬ 
preciably  as  deposition  thickness  built  up. 


V,  PROCESS  STUDIES  FOR  STRAIGHT-THROUGH  FLOtf-ggSTSMS 


When  Che  mandrel-related  studies  were  complete,  attention  was 
turned  to  process  development  in  straight- through  flow  systems,  this 
terminology  describes  the  unidirectional  flow  patterns  of  the  hydrocarbon 
source  gas  through  the  deposition  assembly  during  deposition  of  cylinders, 
frustums,  free- c tending  rocket  nozsles  and  other  related  shapes,  this 
type  of  flow  is  less  complex  than  the  reflex  flow  systems  used  in  nose 
cone  deposition  (which  is  described  later  In  this  report),  Studies  were 
made  in  this  contract  on  process  optimization  in  straight- through  flow 
systems  for  deposition  of  boron-alloyed  and  unalloyed  pyrolytic  graphite. 
Cylinders  were  deposited  with  about  3-inch  outside  diameter  and  about 
,10  to  0,11  inch  wall  thicknesses.  The  work  was  carried  out  on  subcon¬ 
tract  by  the  Raytheon  Company,  Waltham,  Massachusetts, 

A.  CONSTANT  LEVEL  BORON-ALLOYED  MATERIAL  (Task  3.4, 1,2) 

According  to  the  Work  Statement  for  this  task,  "Boron  pyrolytic 
graphite  cylinders  or  frustums  will  be  deposited  at  three  boron  levels 
to  investigate  strengthening  of  deposit  by  alloying." 

BACKGROUND 


Frevious  experimental  work  at  Raytheon  had  indicated  not  only  that 
boron  increased  the  strength  of  pyrolytic  graphite,  but  that  the 
magnitude  of  effect  was  a  function  of  tha  boron  content.  Such 
strengthening  would  be  desirable  if  it  could  be  used  to  increase  the 
allowable  thickness- to-radius  of  curvature  ratio  for  a  given  deposit. 

In  the  boron  alloying  of  pyrolytic  graphite,  Raytheon  bad  used  fcrime- 
thylborate  as  the  source  gas  while  General  Electric  and  others  had 
used  boron  trichloride.  It  was  not  known  whether  any  differences  in 
deposit  characteristics  could  be  related  to  this  difference  in  process 
conditions.  Accordingly,  both  source  gases  were  included  In  this 
study. 

•EXPERIMENTAL  CONDITIONS  SELECTED 


Using  the  results  of  the  mandrel-related  work,  spirally  grooved 
cylindrical  mandrels  were  prepared  from  grade  A  graphite.  The  man¬ 
drels  were  9  inches  long,  3  inches  inside  diameter,  with  180  mils 
wall  thickness.  Opposed  spirals,  60  mils  wide  and  deep  were  cut  on 
the  mandrel  exterior  with  a  1-inch  lead.  The  inside  surface  was 
cleaned,  polished  with  600-grit  paper,  and  wiped  dry  with  acetone- 
moistened  lintless  paper.  Terminations  and  separators  were  used  at 
both  ends  of  the  mandrel.  Figure  29  shows  a  typical  deposition 
assembly  and  a  typical  deposited  cylinder. 

The  three  boron  levels  were  selected  to  cover  the  range  of  greatest 
interest  in  aerospace  hardware.  With  boron  trichloride  source  gas, 
nominal  levels  of  3/8,  3/4  and  1-1/2  percent  were,  chosen.  With 
trimethylborate,  these  same  levels  were  chosen,  but  in  addition  3 
percent  was  also  selected  since  no  problems  with  excessive  sooting 
had  previously  been  observed  at  this  level, 


RESULTS 


Each  deposited  cylinder  was  profiled  for  wall  thickness  uniformity 
4hd  the  ends  were  polished  for  microstructure  examination.  Density 
and  boron  assay  were  obtained  from  samples  obtained  at  several 
Ideations.  Selected,  sound  cylinders  were  used  to  obtain  thermal 
■expansion  and  mechanical  property  data.  Ml  these  data  end  the  pro¬ 
cessing  Conditions  ere  presented  in  Tables  V  to  VII X,  which  also 
contain  the  1$ formation  for  the  next  two  tasks  of  this  group  (Tasks 
3,4. 1,1),  The  deposition  thickness  profiles  ere  given 
in  f  igures  30  through  33  and  photomicrographs  are  shown  in  Figures 
34  through  33  for  all  the  cylinders  in  cnls  group  of  tasks. 

Preliminary  visual  examinations  were  given  each  cylinder  after 
removal  from  the  deposition  assembly  with  the  following  results; 

GEBC-l  {nominal  3/8%  B  fr m  THB)— heavily 
nodulated,  cracked  axially  due  to 
high  t/r  and  circumferential  ssyssaetry 
wall  thickness. 

G2DC-4B  (nominal  3/4%  B  from  5MB)— structurally 
sound  cylinder,  nodules  1/32  inch  in 
diameter  at  surface. 

GEJ3C-6A  (nominal  1-1/2%  8  from  TMB)— structurally 
sound  cylinder,  nodules  1/32  inch  in 
diameter  at  surface. 

GEDC-7A  (nominal  3%  B  from  TMB)— axially 
cracked,  one  deiamination. 

GEDC-8A  (Nominal  3/4%  B  from  8013)— structurally 
sound  until  removal  of  termination  when 
axial  cracking  occurred.  Nodules  1/32 
inch  in  diameter  at  surface. 

GEDC-10A  (nominal  1-1/2%  B  from  BCI3)— structurally 
sound  until  removal  of  termination  when 
axial  cracking  occurred. 

GEDC-11A  (nominal  3/8%  B  from  BCI3)— structurally 

sound  until  removal  of  termination  when  small 
axial  crack  occurred.  Small  crack  section, 
removed  leaving  remainder  sound;  nodules 
1/32  inch  in  diameter  at  surface, 

GEDC-13A  (repeat  of  GEDC-10A) — several  delaminations, 
no  cracks,  nodules  1/32  inch  in  diameter  at 
surface. 

GEDC-14A  (repeat  of  GBDC-1)— structurally  sound 
deposit. 

B.  GRADED  LEVEL  BORON-ALLOYED  MATERIAL  (Task  3.*. 1.3) 

According  to  the  Work  Statement  for  this  task,  "Graded  boron  pyrolytic 
graphite  cylinders  or  frustums  will  be  deposited  to  obtain  increased 
deposit  strength  while  favorably  altering  residual  stress  patterns." 


-  -  *- 


_ _ 


BACKGROUND 

o  Miii  iriiTxii  ■imrur 

State  of  the  art,  current  at  the  beginning  of  work  in  this  contract, 
bed  indicated  that  residual  stress  levels  and  patterns  cbuid  p& 
altered  in  a  deposit  by  grading  the  amount  of  boron  in  the  deposit 
through  the  thickness.  Nhile  the  exact  mechanism  of  this  alteration 
is  still  not  certain,  it  probably  involves  the  grading  of  thermal 
expansion  coefficients  and  the  grading  of  other  properties  including 
strength.  The  important  thing  is  that  proper  use  of  this  technique 
allows  thicker  deposits  of  anisotropic  material  for  a  given  radius 
of  curvature. 

Certain  gradings  had  been  successful  but  optimum  grading  had  not  been 
investigated, 

EXFHRIMS?TAL  CONDITIONS  SELECTED 

Previous  Rathe  on  Company  data  had  shown  that  maximum  thermal  expansion 
anisotropy  occurred  at  boron  levels  of  about  0,75  percent,  where 
maximum  tangential  residual  stress  had  been  observed.  This  suggested 
two  graded  boron  regimes:  a)  low  boron  to  0,75  percent!  and  b)  high 
boron  to  0, 75  percent.  The  early  work  at  General  Electric  had  been 
similar  to  type  b,  but  at  lower  absolute  levels.  On  the  basis  of 
these  experiences,  the  two  grading  techniques  selected  were  nominal 
0,1  to  0.75  percent  and  nominal  1,5  to  0,75  percent. 

The  mandrel  and  assembly  details  were  the  same  as  those  selected  for 
Task  3.4. 1.2  of  this  task  group, 

RESULTS 

Evaluation  of  these  cylinders  was  similar  to  that  for  the  cylinders 
of  Task  3.4. 1.2.  The  test  data  and  processing  conditions  are  found 
in  Tables  V  to  VZIl  and  again  the  thickness  profiles  and  photomicro¬ 
graphs  are  contained  within  Figures  30  through  38, 

Preliminary  visual  examinations  of  each  cylinder  gave  the  following 
results: 

GEDC-16A  (graded  boron  0.1  to  0,75%  8  from  BCI3)— 
three  small  delaminations,  no  cracks, 
nodules  1/32  inch  in  diameter  at  surface. 

GEDC-17A  (graded  boron  0.1  to  0,75%  B  from  ECS.3)— 
axial  cracks,  appreciable  delamination. 

GEDC-18A  (graded  boron  1.5  to  0,75%  8  from  TUB)— 
structurally  sound  deposit,  nodules  1/32 
inch  in  diameter  at  surface. 

G2DC-20A  (graded  baron  0.1  to  0.75%  8  from  BCl*)— 
structurally  sound  deposit,  nodules  1/32 
inch  in  diameter  at  surface, 

GE8C-21A  (graded  boron  0, 1  to  0, 75%  8  from  TMB)— 
several  sicrodelaminatlons,  no  cracks,  some 
nodules  1/16  inch  in  diameter  at  surface. 


c,  ilHALLQYED  KATgEXAL  (Task  3.4. 1,1) 
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According  to  the  Work  Statement  for  this  task,  ''Secondary  anisotropy 
will  h$  evaluated  m  a  mesne  of  residual  stress  control  in  high  fchick- 
ness-fe-radiua  Justus#,  The  method  of  achieving  this  property 
variation  will  he  programed  variations  in  deposition  rat®  “ 

This  work  was  csrrl*d  out  in  parallel  with  that  of  Tasks  3,4, 1*2 
esd  3,4,1,$,  ThO  njM  um  to  sehiove  the  asms  goals  without  the 
addition  of  any  alloying  hy  varying  the  deposition  rates 

to  produce  a  tsafcerisl  m  varying  anisotropy. 


Tba  anisotropy  in  thersil  ospsneion  coefficients  of  pyrolytic  graphite 
deposit®  had  been  $m?&  to  he  a  function  of  deposition  conditions. 
Those  conditions  which  favored  well-oriented  deposits  (e,g, ,  high 
temperature*  lev  pressure,  low  deposition  rates)  gave  rise  to  the 
lowest  tangential  end  highest  radial  expansion  coefficients  in  cylin¬ 
drical  deposits,  A  progressed  variation  in  deposition  conditions 
could  thus  give  rise  to  a  variation  in  tangential  and  radial  expansion 
coefficients  through  the  thickness  of  a  deposit.  This,  in  turn,  could 
give  rise  to  an  alteration  in  residual  stress  leyels  on  cool-down 
ires  deposition  temperatures. 

EXPEaiHHsm  coapmoas  selected 

Deposition  of  ‘'normal"  pyrolytic  graphite  aerospace  hardware  is  at 
a  rate  within  the  range  of  5  to  20  thousandths  of  an  inch  per  hour 
(5-20  mils/hr, ),  For  the  studies  in  this  task,  nominal  deposition 
rates  of  15,  10  and  5  mlls/hr.  were  selected  for  constant  rate 
deposition  and  a  graded  rate  from  15  to  5  mils/hr,  was  chosen  for 
the  graded  rota  deposition,  The  constant  rate  deposits  were  made 
to  establish  thermal  expansion  coefficients  and  to  see  if  adjustments 
were  required  for  the  process  parameters. 

The  mandrel  and  assembly  details  were  the  secsj  as  those  selected  for 
Task  3.4, 1.2  of  this  task  group, 

RESULTS 

oMnwaaMMCT 

Evaluation  of  these  cylinders  was  similar  to  that  for  the  cylinders 
in  the  other  two  tasks  of  this  group.  The  test  data  and  processing 
conditions  are  found  in  Tables  V  through  VIII  and  the  thickness 
profiles  and  photomicrographs  are  shown  within  Figures  30  through  38. 

Preliminary  visual  examinations  of  each  cylinder  gave  the  following 
results; 
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G2DS-2  (nominal  15  ©ila/hr,  rate)— uniform 
surf see  texture,  crocked  axially  In 
two  locations  due  fee  non-uniform  well 
thickness  circumferentially, 

GEJ3C-3A  (nominal  JO  mlls/hr,  rate)— structurally 
sound,  this,  low  density* 

GE5C-5A  (nominal  5  mile  /hr,  rate)— three  axial 
cracks  120°  apart,  delaminated,  nodules 
1/ 16  inch  in  diameter  at  surface. 

OEDC-9A  (graded  rate,  15  to  5  sils/br. )— structurally 
sound. 

GEBC-X5A  (repeat  of  G2DC-2 )— » e  true tural Xy  sound, 

J),  BEST  PROCESS  SELECTION 

Based  upon  visual  examinations,  photomicrographs.  and  tbs  test  data 
for  all  the  cylinders  described  in  the  three  tasks  of  this  group, 
two  processes  were  specified  for  best  predicted  results  and  one 
deposit  was  made  with  each, 

Process  number  one,  for  producing  &  0,3  weight  percent,  constant 
level  boron-alloyed  cylinder  called  for  200Q°C.,  20  torr,  with 
7  Ipza  flow  of  CBA,  1.6  Xpm  flow  of  N?  diluent  and  trimetbylborate 
as  required. 

Process  number  two,  for  producing  an  unalloyed  deposit  at  a  graded 
rate  from  15  to  5  rails/hr.  called  for  2000oC. ,  20  torr,  with  C% 
flows  from  9  down  to  4.5  1pm  sad  N2  diluent  at  0  up  .to  4,5  lp». 

The  average  deposition  rates  to  be  expected  were  20  mile  per  hour 
for  Process  1  and  10  mile  per  hour  for  Process  2, 

The  results  of  post-deposition  visual  examination  were  as  follows; 

GEDC-19A  (Process  No,  X,  0,3%  B  from  53®)— 
structurally  sound  deposit,  nodules 
1/64  inch  in  diameter  at  surface, 

(SDC-22A  (Process  No,  2,  graded  rate  unalloyed 
PG,  15  to  5  miXs/hr, )— structurally  sound 
deposit. 

The  same  characterization  was  given  these  cylinders  as  for  the 
previous  ones.  Processing  conditions  and  test  data  are  shown  in 
Tables  V  through  VIII# 

E.  DISCUSSION  OP  TASK  RESULTS 

It  is  convenient  to  discuss  the  results  from  all  three  tasks  together 
because  tbs  comparison  brings  out  a  amber  of  observations. 


PROCESSING  DIFFICULTIES 


Tog  chronological  order  of  the  depositions  can  be  deduced  from  the 
identification  numbers  for  the  cylinders,  although  in  certain  cases 
©ore  than  one  cylinder  was  being  deposited  simultaneously, 

in  the  early  stages,  some  difficulties  were  experienced  in  trans¬ 
ferring  technology  and  techniques  between  the  contractor  and  sub¬ 
contractor,  Tor  instance,  when  conditions  for  mandrel  oxidation  as 
c  pretreatment  were  prescribed,  the  results  were  not  as  expected. 
Although  the  conditions  were  faithfully  used,  the  mandrels  were  over- 
oxidised  which  prejudiced  the  quality  of  the  deposits.  It  was  then 
mutually  agreed  that  this  technique  would  be  abandoned  for  these 
tasks.  Instead,  a  5  mil  precoat  wee  used  for  the  remainder  of  the 
work. 

Asymmetry  in  wall  thickness  was  traced  to  misalignment  between  the 
morale  and  cylinder  mandrel  and  to  the  nozzle  itself.  It  was  decided 
that  this  could  fee  minimised  fey  the  me  of  a  baffled  system.  The 
baffle  system  has  an  additional  advantage  since  this  is  the  type  of 
arrangement  that  must  fee  used  to  produce  full-scale  deposits, 

IWp  different  baffled  arrangements  were  used  to  deposit  cylinders 
GEP0-3A  through  GEDP-13A,  In  the  first  arrangement,  which  wag  used 
to  deposit  .cylinders  &EBS-3A  through  GEDC-12A,  a  large  baffled  system 
was  employed.  The  baffle  was  3-1/4  inches  in  diameter  fey  1/2  inch 
thick.  The  preheat  chamber  was  a  graphite  tube  .8  inches  in  length 
fey  8  Inches  X,D.  The  deposits  were  symmetrical  in  wall  thickness 
but  the  deposition  rentes  were  low.  In  order  to  reduce  the  amount 
of  carbon  stripping  by  the  large  preheat  chamber,  and  to  increase 
the  deposition  rates,  a  smaller,  modified  baffled  system  was  used 
to  deposit  cylinders  CEDC-13A  through  GEDC-18A,  In  this  arrangement, 
the  baffle  was  made  2  inches  in  diameter.  The  preheat  chamber  was 
4  inches  X.D,  by  6  Inches  in  length.  As  seen  in  Table  V,  the  deposi¬ 
tion  rates  for  the  cylinders  deposited  using  the  smaller  baffle  and 
preheat  chamber  were  appreciably  higher  than  the  cylinders  deposited 
using  the  large  baffle  and  preheat  chamber. 

The  circumferential  wall  thickness  was  quite  uniform  for  the  cylinders 
deposited  using  the  baffle  arrangement.  The  thickness  along  the 
length  for  some  cylinders,  however,  was  non-uniform.  A  number  of 
the  cylinders  cracked  because  of  the  great  unevenness  in  wall  thick¬ 
ness  along  the  length.  This  was  a  more  severe  problem  for  the  SCI3 
deposits  than  for  the  straight  PG  or  TMB  deposits.  Cylinders  GEDC-19A 
through  GEDC-22A  were  deposited  using  a  carefully  aligned  through- 
flow  system  in  order  to  improve  the  uniformity  in  wall  thickness 
along  the  length.  Figure  33  shows  that  these  cylinders  had  good  cir¬ 
cumferential  uniformity  in  wail  thickness  and  that  the  axial  uni¬ 
formity  was  significantly  improved  over  the  deposits  made  with  the 
baffled  system. 
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MECROSTRUCTURES 
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Figures  34  through  38  shew  the  microstructures  at  the  gas  inlet 
(bottom)  and  gas  exit  (top)  ends  at  approximately  100X  magnifies- 
tics.  Except  for  the  bottom  end  of  GEBC-7A  which  showed  a  contin¬ 
uously  nucleated  mierostructure  all  of  the  cylinders  had  a  sub¬ 
strate  nucleated  mierostructure  with  the  shape  of  the  growth  .cones 
varying  from  fine  to  medium.  Ho  significant  difference  was  sees 
between  the  top  and  bottom  ends,  The  difference  in  mierostructure 
for  6EDC-7A  appeared  to  be  inconsistent  with  the  boron  analysis 
(1,9%  B  at  the  top  and  1,  0%  at  the  bottom).  It  seems  probable  that 
the  heron  samples  were  interchanged*  since  continuously  nucleated 
mierostructure  is  generally  associated  with  high  boron  level  deposits, 

DENSITY  AKD  BORON  ANALYSIS 

Density  and  boron  analysis  .data  are  given  in  Table  KI,  A  number  of 
generalisations  were  made  concerning  the  density  and  boron  data. 

High  boron  {  >  0, 5%S)  deposits  had  densities  .around  2,33  g/cc  and 
low  boron  («  0*5%B)  had  densities  around  2,20  g/cc,  Density  values 
were  around  2,00  g/cs  for  unalloyed  pyrolytic  graphite  deposited  la 
the  baffled  flow  assembly  (GEDC-3A,  5A  .and  12A),  The  densities 
were  remeasured  on  several  cylinders  .and  the  low  values  were  found 
again.  The  reason  for  the  low  density  was  not  clearly  understood. 

One  possible  explanation  is  that  the  actual  deposition  temperature 
was  appreciably  lower  than  the  nominal  value  and  may  have  been  within 
the  1700°  to  1800°C*  range  where  low  density  26  is  normally  deposited. 
The  graded  rate,  unalloyed  PG  deposit  GEDC-SA*  on  the  other  hand* 
was  deposited  under  similar  conditions  and  yet  the  density  was  higher 
(2,14  g/cc),  This  suggests  that  deposition  rate  as  well  as  temper¬ 
ature  may  haye  been  responsible  for  the  low  density,  since  the  first 
layers  for  CED.C-9A  were  deposited  at  about  15  mlis/hr,,  and  the 
density  for  GEDC-15A  was  2,19  g/cc,  The  latter  tube  was  deposited 
at  an  average  deposition  rate  .of  15  mils/hr  using  the  baffled  flow 
system. 

A  comparison  of  the  nominal,  constant  weight  percent  boron  levels 
selected  and  the  measured  boron  leyels  obtained  is  summarised  below; 

Nominal  boron  selected,  %  0,375  0,75  1,5  3,0 

Obtained  from  TMB  0,1  1-1,3  0, 7-li 2  1-1,9 

Obtained  from  BCI3  0,11  0.14  a)  ,19-, 25  — 

b)  1 

The  nominal  3/4,  1-1/2  and  3%  boron  deposits  from  3MB  were  considered 
within  the  current  Raytheon  state  of  the  art.  The  nominal  3/3%  boron 
from  TMB  was  low.  All  boron  levels  from  BCI3  were  low  and  were 
attributed  to  the  difficulty  of  applying  previous  processing  data 
for  a  through- flow  system  to  a  baffled  flew  system.  The  repeat  .of 
the  nominal  1-1/2%  boron  from  BC1«  (b)  however,  was  somewhat  better. 
The  fact  that  the  levels  obtained  were  so  far  from  the  desired 
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values  was  an  Indication  of  the  need  for  calibration  curves  for  the 
BEG  processes.  It  was  this  difficulty  that  led  to  the  proposal  of 
Task  3,4,0  for  the  revised  Work  Statement. 

The  boron  results  for  the  graded  boron  deposits  were  also  considered 
within  the  current  state  of  the  art,  The  initial  boron  data  for 
.several  of  the  graded  tubes  were  somewhat  perplexing.  After  recheck¬ 
ing  several  samples.  It  was  concluded  that  the  sampling  technique  of 
taking  material  from  regions  .several  mils  from  the  surface  was  respon¬ 
sible  for  the  high  non- typical  boron  results  which  had  been  obtained. 
High  boron  levels  in  samples  taken  from  a  few  mils  at  the  surface 
may  be  associated  with  a  boron  diffusion  effect.  In  subsequent 
samples,  material  from  at  least  the  first  10  to  15  mils  was  taken  for 
boron  analysis,  She  results  for  the  graded  deposits  reported  in 
Table  VI  thus  represented  the  preferred  boron  levels  measured. 
Uncertainties  in  the  emission  spectroscopic  techniques  of  analysis 
as  used  in  this  and  other  tasks  led  to  the  inclusion  of  Task  3.4.7 
la  the  revised  Work  Statement,  In  that  task,  pyrohydrolysis  was 
developed  and  compared  to  this  technique  for  boron  assay, 

Previous  Raytheon  Company  data,  as  well  as  data  reported  by  others, 
bad  shown  that  the  unit  cell  height  for  BPG  over  a  range  of  boron 
9,7  to  1,6%  was  lower  than  that  for  unalloyed  PG  deposited  under 
similar  conditions.  This  suggested  a  qualitative  method  for  estimat¬ 
ing  boron  by  measurement  of  the  unit  cell  height,  if  a  suitable 
correlation  could  be  found  between  boron  percent  and  unit  cell  height. 
The  results  of  such  a  correlation  are  shown  in  Figure  39,  Except 
for  the  9,6  to  1,2%  boron  range,  the  correlation  was  deemed  quite 
good.  It  was  also  interesting  to  note  that  the  unit  cell  height 
goes  through  a  minimum  in  this  range.  Other  properties  (GTE,  resisti¬ 
vity,  modulus,  etc, )  had  also  shown  maximum  or  minimum  values  in 
this  same  boron  range.  The  increased  graphitic  character  for  BPG 
containing  9,6  to  1,2%  boron  appeared  to  be  associated  with  a 
catalytic  graphitizatlon  effect  caused  by  the  boron.  The  increasing 
unit  cell  height  with  higher  boron  might  be  associated  with  a  second 
phase  (B4C),  A  more  detailed  study  was  felt  necessary  on  the  relation¬ 
ship  between  boron  content  and  time  at  temperature  (the  one  point  in 
Figure  11  after  25  hours  indicated  that  this  was  important).  This 
led  to  the  formulation  of  Task  3,4, 1,5  in  the  revised  Work  Statement. 

THERMAL  EXPANSION 


Previous  Raytheon  Company  data  from  flat  plates  deposited  at  2000°C. 
had  shown  that  the  maximum  thermal  expansion  anisotropy  occurred 
for  BPG  containing  about  1/2 %  boron.  Thermal  expansion  data  parallel 
(a-dlrection)  and  perpendicular  (c-dlrection)  to  the  deposition 
surface  were  obtained  for  six  structurally  sound  cylinders  (boron 
levels  9  to  1%)  for  comparison  with  previous  data  for  plate  stock. 

The  thermal  expansion  data  shown  in  Figures  40  and  41  were  obtained 
with  a  Leltz  dilatometer.*  The  shapes  of  the  curves  were  similar  to 
those  obtained  from  plate  stock.  The  error  in  measuring  the  coeffi¬ 
cient  of  thermal  expansion  was  +5%  for  the  range  0°  to  1000°C, 

-  ,  ,  _ 

*Ernst  Leitz,  Wetzlar,  Germany 
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the  coefficients  of  thenaal  erp&mtm  '■•-  t'''"""'  *-  ■> 

in  these  two  figures.  Figure  42  @te ms  &  zee^s. tissn  ■-.>-%*■:  «  - 

(circles)  with  previous  data  (solid  curias )  r«parfc#s  Jis5  -  ' ^ 

c-directlon  data,  except  for  the  0, 27.  hexes  pc-ln s ,  were  s-crs;'ssr.sf 
to  be  in  fair  agreement  with  the  flat  plate  data. 

The  a-direction  data,  on  the  other  hand,  were  somewhat  lower  then 
what  might  be  expected.  The  difference,  although  not  too  significant, 
could  be  associated  with  the  different  geometries,  cylinder  vs.  flat 
plate,  or  could  reflect  differences  in  the  processing  temperatures, 
gas  flow  rates,  pressure,  etc. 

MECHANICAL  PROPERTIES 


A  diametral  ring  compression  test  was  developed  during  this  program 
and  used  to  measure  modulus  of  elasticity,  Poisson's  ratio,  and 
ultimate  strength.  Bortz  and  Lund  (Ref.  6)  had  shown  this  method 
to  be  applicable  for  graphite.  Pyrolytic  materials  can  be  tested 
in  this  manner  if  no  circumferential  stiffness  variation  is  assumed. 
Outer  tangential  surface,  residual  stress  was  measured  on  the  same 
ring. 

A  photograph  of  the  apparatus  is  shown  in  Figure  A3  and  a  close-up 
of  the  ring  assembly  in  Figure  A4.  The  load  was  applied  and  recorded 
with  an  Ins.  -on  model  TTC-M-1,  tensile  tester.  Strain  gage  output 
from  rosette  "ages  mounted  on  the  outer  surface  drove  the  x-axi*>  of 
the  Instron  recorder.  The  resulting  load  vs.  strain  curve  yielded 
the  elastic  constants.  The  ring  was  loaded  to  failure  after  at 
least  three  tests  were  performed  on  each  strain  gage.  The  limiting 
load  used  for  the  elastic  constant  determinations  was  approximately 
1/3  of  the  ultimate  load. 

Failure  occurred  at  either  the  top  or  the  bottom  of  the  ring  and 
was  due  to  tension  on  the  inner  surface.  The  residual  stress  measured 
on  the  inner  surface  could  be  algebraically  added  to  the  crushing 
strength  to  determine  the  apparent  tensile  strength  of  the  material. 

It  should  be  noted,  however,  that  the  ring  crushing  strength  should 
be  used  (for  the  particular  size  cylinders  deposited)  when  using 
the  strength  data  for  engineering  design.  Strain  readings  after 
complete  failure  determined  the  outer  surface  residual  stress. 

The  equations  used  for  calculating  the  elastic  constants,  ultimate 
strength  and  residual  stress  for  a  radius  of  1.5  inches  were: 
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Thia  type  of  test  had  several  advantages.  The  elastic  constants  and 
the  ultimate  strength  could  be  determined  easily  and  inexpensively. 

In  addition,  the  residual  stress  was  obtained  from  the  same  material, 
negating  any  errors  due  to  variation  in  material  properties  with 
location. 


Calculations  showed  that  variations  in  material  stiffness  could  cause 
serious  errors  in  the  measured  elastic  constants  and  ultimate  strength. 
Circumferential  thickness  gradients  of  approximately  +  3%  was  the 
upper  limit  for  the  application  of  this  technique.  The  circumferential 
gradients  for  rings  tested  in  this  study  were  lower  than  this  upper 
limit.  Circumferential  variation  in  boron  content  might  also  cause 
variations  in  the  property  measured;  however,  this  effect  was  likely 
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to  be  small.  Machining  of  a  non-uniform  ring  to  constant  wall  thick- 
ness,  on  the  other  hand,  could  introduce  errors  due  to  variations 
in  modulus  of  elasticity  along  the  circumference. 

A  disadvantage  of  this  technique  was  that  the  maximum  stress  was 
realised  only  on  a  small  area  at  the  load  points.  This  seme  dis¬ 
advantage  had  been  previously  noted  by  proponents  of  the  four-point 
flexure  test  as  opposed  to  the  three-point  test. 

Tangential  residual  stress  data  measured  by  the  above  technique  as 
well  as  by  the  gapping  technique  are  given  in  Table  VII.  Table  VII 
gives  the  measured  modulus  and  Poisson  ratio  values  and  the  ring¬ 
crushing  strength.  The  mechanical  property  data  by  the  strain  gauge 
technique  were  obtained  only  on  structurally  sound  rings  which  were 
crack-  and  delamination- free.  The  modulus  and  Poisson's  ratio  values 
(symbols)  as  a  function  of  boron  level  are  compared  in  Figure  45  with 
previous  Raytheon  Company  data  (Reference  5)  obtained  for  flat  plate 
deposits.  The  modulus  data  was  seen  to  be  somewhat  higher  and  the 
Poisson's  ratio  data  lower  than  the  values  obtained  for  flat  plate 
stock.  The  modulus  values  for  high  boron  level  deposits  (6  to  9 
million  psi)  were  significantly  higher  than  the  flat  plate  stock 
data.  The  reason  for  these  high  modulus  values  was  thought  to  be 
associated  with  stress-induced  graph! iization  which  occurred  during 
deposition. 

The  measured  tangential  residual  stress  data  are  plotted  as  a  func¬ 
tion  of  t/r  in  Figure  46.  Also  included  in  this  figure  as  solid 
and  dashed  curves  are  tangential  residual  stress  calculated  as  a 
function  of  boron  percent  and  t/r.  These  curves  were  calculated  by 
means  of  the  following  equation: 

o  _  ■  1/2  Et  (  1  )  A  <r  A  T 

l-U*  R 

where  *»  tangential  residual  stress,  E  18  modulus,  t  18  thickness, 

U  “  Poisson's  ratio,  R  *  radius,  A  *  difference  in  CTE,  and  A  T  18 
temperature  range.  Thermal  expansion,  modulus  and  Poisson's  ratio 
data  were  taken  from  Figures  42  and  45  for  flat  plate  stock.  Tke 
residual  stress  data  in  Figure  46  can  be  grouped  into  three  regions: 

1)  -500  to  -1500  psi 

2)  -2800  to  -4500  psi 

3)  -5600  to  -8500  psi 

In  region  1,  all  three  samples  (GEDC-3A,  9A,  12A)  were  unalloyed  PG 
deposits  with  low  apparent  densities.  From  a  structural  standpoint, 
these  deposits  were  undesirable  because  of  the  low  densities  and 
also  because  a  low  tangential  residual  stress  was  associated  with  a 
high  axial  residual  stress  which  would  cause  failure  by  a  spiral 
type  of  crack.  In  region  2,  the  measured  residual  stress  for  deposits 
containing  0  to  0.9%  boron  was  approximately  one-half  the  calculated 
residual  stress.  In  this  region  growth  had  occurred  (as  is  described 
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£n  Ref.  7)  which,  along  with  the  graphitisation  effect  during  deposi¬ 
tion,  had  offset  one-half  of  the  residual  3tress  due  to  primary 
thermal  expansion  anisotropy.  In  region  3,  which  included  the  rings 
tested  containing  1%  boron  or  greater  as  well  as  the  graded  boron 
deposits,  the  measured  residual  stress  was  approximately  equal  to 
the  calculated  residual  stress.  Based  upon  the  effect  of  growth 
on  the  measured  residual  stress  as  described  in  Ref.  7,  this  meant 
that  the  net  growth  was  less  in  region  3  then  in  region  2.  From  a 
structural  application  standpoint,  the  deposits  in  region  2  were  most 
desirable  since  the  tangential  residual  stress  was  not  too  high  and 
the  axial  residual  stress  was  approximately  the  same  as  the  tangential 
residual  stress.  In  region  2,  the  graded  rate  unalloyed  PG  (GEDC-22A) 
and  0.2%  boron  (GEDC-19A)  deposits  were  seen  to  have  the  lowest 
tangential  residual  stresses. 

Another  criterion  for  selecting  a  particular  process  for  structural 
application  could  be  based  upon  its  ring-crushing  strength.  These 
data  for  structurally  sound  deposits  are  given  in  the  last  column 
in  Table  VIII.  The  lowest  values  (GEDC-3A,  15 A,  22A)  were  seen  to 
come  from  the  unalloyed  PG  deposits.  This  was  not  too  surprising 
since  it  was  generally  recognized  that  BFG  had  a  higher  strength 
than  PG.  On  the  other  hand,  the  two  highest  values,  28,300  and 
28,700  psi,  were  seen  to  be  associated  with  the  graded  rate,  unalloyed 
PG  deposit  <'GEDC~9A)  and  a  graded  boron  deposit  (GEDC-2GA).  The  next 
highest  strength  values  were  for  GEDC-12A  (27,000  psi)  and  GEDC-20A 
(25,700  psi).  The  unalloyed  PG  deposit  GBDC-12A  was  unsatisfactory 
since  the  axial  residual  stress  was  high  (low  tangential  residual 
stress  and  low  density).  The  analysis  was  complicated  by  the  fact 
that  the  two  unalloyed  PG  graded  rate  deposits,  GEDC-9A  and  GEDC-22A, 
had  the  highest  and  lowest  crush  strengths.  The  difference  in 
strength  for  these  two  deposits  may  have  been  due  to  the  difference 
in  deposition  temperatures,  1900°  vs  2000°C;  however,  this  hypothesis 
was  not  experimentally  verified. 

These  results  show  that  from  a  strength  standpoint,  the  two  most 
desirable  materials  were: 

1)  Constant  boron  level  BPG  at  about  0.2  weight  percent. 

2)  Graded  rate  unalloyed  PG,  15  to  5  mils/hr. 

ANNEALING  AND  GRAPHITIZATION 


Tangential  residual  stresses,  measured  for  cylinders  GEDC-18A  and 
20A,  did  not  agree  with  values  which  had  been  calculated  for  them. 

The  calculations  were  based  on  a  rigid  mandrel,  ignoring  any  possible 
growth  or  any  plastic  deformation  occurring  at  the  deposition  temper¬ 
ature. 

Heat  treating  was  considered  as  a  test  which  would  indicate  whether 
or  not  growth  had  occurred.  Accordingly,  rings  from  these  two  deposits 
were  heat-treated  at  2000°C.  for  20  hours  in  an  inert  atmosphere. 

A  ring  from  the  constant  0.2%  boron  deposit  (GEDC-19A)  was  also  heat- 


treated  at  the  same  time  to  serve  as  a  control  gmple.  The  1,7/0. 6 
graded  sample  (18A)  cracked  and  delaminated  as  e  result  of  the  heat 
treatment.  The  0. 2/0.4  graded  sample  (20A)  and  the  0.2%  boron  ample 
were  both  structurally  sound  after  heat  treating—nsither  cracked 
nor  delaminated.  Strain  gauges  were  applied  to  these  rings  and  the 
residual  stress,  modulus,  and  crushing  strengths  were  measured.  These 
data  and  the  dimensional  changes  after  heat  treatment,  along  with 
the  values  for  the  as-deposited  cylinders  are  given  in  Table  IX. 

Both  tested  rings  showed  an  increase  in  residual  stress  and  a  decrease 
in  crushing  strength.  The  modulus  increased  with  heat  treatment  as 
did  the  degree  of  graphitization,  as  measured  by  a  decrease  in  unit 
cell  height  (C0).  The  X. 70/0. 6%  boron  graded  deposit  showed  the 
greatest  growth  in  the  a-direction  (2.3%)  and  greatest  shrinkage  in 
the  c-direction  (-5.2%).  The  dimensional  changes  for  the  0. 2/0.4 
and  0.2%  boron  deposits  were  the  same,  about  1%  growth  and  1%  shrink¬ 
age.  These  results  show  that  graphitization  can  be  a  very  important 
factor  in  affecting  the  structural  integrity  of  cylinder  deposits, 

T^y  also  suggest  that  the  shrink- fit  ring  model  was  not  adequate, 
since  they  show  that  for  cylinders  deposited  for  long  periods  of 
time,  the  grading  technique  should  be  reversed  from  what  had  been 
previously  thought.  Considering  Figure  39,  it  was  postulated  that 
by  grading  from  0.5  to  0.1%  boron  or  from  0,6  to  1.5%  boron,  the 
outer  fiber  would  be  graphitized  most,  the  inner  fiber  least,  and 
that  structurally  sound  deposits  with  higher  t/r  ought  to  bo  able  to 
be  produced. 

The  unit  cell  height  (C0)  is  a  useful  parameter  which  can  be  used  to 
characterize  the  structure  of  pyrolytic  graphite.  For  PG  deposits 
produced  within  the  temperature  range  2000°  to  2200°C,  the  C0  value 
has  been  found  to  lie  between  6.84  and  6.86$.  Annealing  of  PG  for 
long  periods  of  time  (  ~  50  to  100  hrs)  at  these  deposition  tempera¬ 
tures  would  cause  no  significant  changes  in  these  C0  values. 

Annealing  at  higher  temperatures  for  much  shorter  periods  of  time, 
however,  caused  a  marked  decrease  in  C0  to  occur.  Annealing  of  a 
substrate-nucleated  PG  at  3000°C  for  one  hour,  for  example,  lowered 
the  C0  value  to  that  approaching  the  graphite  single  crystal  value 
of  6.709$.  The  3000°C  annealed  PG,  however,  was  still  polycrystalline. 
The  change  in  the  C0  value  from  that  for  PG  to  that  of  the  graphite 
single  crystal  was  one  recognized  way  of  defining  graphitization. 

The  particular  C0  value  which  was  measured  for  PG,  as-deposited  or 
annealed,  could  be  used  to  specify  the  degree  of  graphitization, 
Franklin  (Ref.  8)  established  a  simple  correlation  between  the  degree 
of  graphitization  and  layer  stacking  as  related  to  the  C0  value.  The 
degree  of  graphitization  according  to  this  correlation  was  0%  for 
a  C0  value  of  6.88$  (turbostratic  structure)  and  100%  £or  a  C0  value 
of  6,709$  (completely  ordered  structure).  It  should  bo  noted  that 
other  structural  changes,  besides  a  decrease  in  C0,  accompany  the 
graphitization  of  PG.  A  marked  increase  in  layer  stacking,  crystallite 
growth,  and  preferred  orientation  accompanies  a  high  degree  of  graph¬ 
itization.  In  addition,  the  mechanical,  thermal,  and  electrical 
properties  for  PG  become  more  anisotropic. 
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Referring  to  Figure  39,  it  is  seen  that  for  the  same  deposition  time 
(3  to  6  hr a)  sad  temperature  (2C0Q°C),  the  degree  of  graphltization 
would  he  greater  for  deposits  containing  0.6  to  1.2%  boron  than 
0.1  or  1.97.  boron.  It  is  interesting  to  note  also  that  the  degree 
of  grephitieatioa  for  BPG  containing  0.6  to  1.2%  boron  is  equivalent 
to  PG  annealed  at  about  2600°C  (Ref.  9)  for  the  sans  length  of  time. 
This  means  that  the  threshold  temperature  for  this  degree  of  graph- 
Itization  is  lowered  about  600^0  in  BPG  by  fcbie  range  of  boron  content. 

In  Ref.  9,  three  stages  of  graphitisation  had  been  defined  which  were 
based  upon  the  temperature  and  time  dependency  for  C0  to  change  and 
upon  other  structural  changes  accompanying  a  decrease  in  CL.  In  the 
first  stage  of  graphitlzatlon,  Co  was  reduced  from  the  as-aeposited 
value  to  a  value  of  about  6,74$.  This  was  accompanied  by  a  slight 
increase  in  preferred  orientation  with  little  or  no  crystallite 
growth.  The  second  stage  corresponded  to  a  decrease  in  C0  from  6.74 
to  6.72$.  Here,  a  marked  increase  in  preferred  orientation  and 
crystallite  growth  occurred.  In  the  third  stage,  the  C0  value 
approached  the  graphite  single  crystal  value. 

Figure  39  shows  the  limiting  C0  value  is  about  6.74$  for  as-dcposifeed 
BPG:  therefore,  it  seemed  reasonable  to  conclude  that  this  repre¬ 
sented  the  first  stage  of  graphitlzatlon  for  BPG.  A9  a  consequence, 
a  slight  increase  in  preferred  orientation  would  be  expected,  with 
little  or  no  crystallite  growth. 

Some  indication  of  the  rate  of  graphitlzatlon  as  a  function  of  boron 
content  was  provided  by  the  data  shown  in  Table  X.  Again,  the 
uncertainties  in  boron  assay  prevented  any  precise  correlation. 

At  this  stage  of  the  work,  a  number  of  factors  were  identified  which 
were  deemed  important  in  assessing  the  effect  of  graphitlzatlon  on 
the  soundness  of  BPG.  These  would  apply  during  deposition,  after 
cool-down,  and  during  subsequent  use  in  high  heat  flux  environments. 
The  factors  were: 

1)  Degree  of  graphltization. 

2)  Rate  of  graphltization. 

3)  Dimensional  changes  (growth  in  the  a-directioh 
and  shrinkage  in  the  c-direction). 

4)  Fluctuations  in  boron  content  across  the  thick¬ 
ness  and  along  the  length  of  the  deposit  and 
loss  by  boron  diffusion. 

5)  How  the  above  factors  affect  the  modulus, 

Poisson's  ratio,  and  the  coefficient  of  thermal 
expansion  in  the  a-  and  c-directions. 

Furthermore,  stresses  would  accompany  the  graphltization  of  BPG. 

If  the  degree  and  rate  of  graphltization  were  low  (low  boron  levels 
and  high  deposition  rates),  these  stresses  could  be  kept  low.  If 
high,  delaminations  and/or  cracks  could  be  expected  to  occur.  The 
dimensional  changes  should  be  adequately  controlled  so  that  the  room 


temperature  tangential  residual  stress  and  the  axial  residual  stress 
would  be  approximately  the  same  (as  in  deposit  GEBC«l9A)o  Th a  boron 
content  should  be  held  constant  or  graded  in  such  a  way  to  offset 
the  graphitization  stresses  (for  instance,  by  boron  grading  from  Q.5 
weight  percent  on  the  o.d.  to  0.2  percent  on  the  i.d. ),  If  large 
changes  or  fluctuations  in  the  BClg  flew  occurred  during  deposition, 
graphitization  stresses  between  the  layers  might  be  sufficiently 
high  to  produce  a  delamination.  If  large  gradients  in  heron  level 
occurred  in  a  deposit  causing  high  differential  graphitization,  the 
resulting  stresses  might  be  sufficiently  high  to  cause  cracks  or 
delaminations.  Considering  the  stress  equations  shown  in  the  dis¬ 
cussion  on  mechanical  properties,  a  high  modulus,  high  Poisson's 
ratio,  and  high  anisotropy  in  a-  and  c-direction  GTE  would  all 
result  in  a  high  tangential  residual  stress.  The  values  for  these 
properties  could  be  kept  moderately  low  with  a  low  degree  of  greph- 
itizatlon. 

The  importance  of  the  results  in  this  annealing  and  graphitization 
work  led  to  Task  3.4. 1.5  in  the  revised  Work  Statement. 

F.  SUMMARY  AND  CONCLUSIONS 

Considering  the  variables  investigated  in  the  cylinder  study 
(unalloyed  PS  at  constant  deposition  rates  and  at  a  graded  deposi¬ 
tion  rate,  BPS  at  different  levels  from  BCI3  and  TMB,  graded  boron 
BPG  from  BClg  and  TMB)  and  the  property  data  obtained  for  the  cylinder 
deposits,  the  following  conclusions  were  reached: 

1.  For  unalloyed  PG  deposits,  a  graded  rate  tube  is  best 

from  the  standpoints  of  density  and  satisfactory  tangential 
residual  stress  and  ring-crushing  strength. 

2.  In  a  baffled  system  of  the  type  used  in  this  study,  BPG 
from  TMB  is  favored  over  BPG  from  BClg  because  of  the 
greater  uniformity  obtained  in  well  thickness  along  the 
length  of  the  cylinder.  In  a  through- flow  system  and  for 
cylinders  with  similar  profiles,  no  difference  would  be 
expected  between  deposits  made  from  TMB  and  BClg. 

3.  For  constant  boron  level  deposits  produced  over  the  range 
of  boron  0.1  to  1,9%,  a  BPG  deposit  of  about  0.2%  is  best 
because  of  its  good  mechanical  strength,  nearly  equal 
tangential  and  axial  residual  stresses  and  less  tendency 
to  crack  than  higher  boron  level  deposits. 

4.  Of  the  graded  boron  deposits  made  in  this  work,  the  0.1  to 
0.4%  boron  grade  is  better  than  the  1.7  to  0.6%  boron  grade 
from  a  consideration  of  strength,  residual  stress,  and 
graphitization  characteristics.  The  constant  0.2%  boron 
deposit  was  found  to  have  greater  structural  integrity 
than  either  of  the  two  graded  boron  deposits. 
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5,  The  degree  end  rate  of  grephifcisafclon  markedly  affect 
tbs  structural  soundness  of  8PG  deposits, 

G,  PROCESS  RECCSSMSIDATieHS 

iwowawiww  «th  kw  aw  iimuniwNt'i  imam—  ■— 

Based  on  the  results  of  this  group  of  tasks,  the  Raytheon  Company 
«ade  two  recossasdatione  for  processes  ia  straight-through  flow 
systems. 

For  production  of  boron- alloyed  pyrolytic  graphite i 


Temperature 

2000°C. 

Pressure 

20  torr 

CH^  flow  rate 

9  1pm 

(  *  19  CFH) 

BCI3  flow  rate 

0.02  1pm 

(~  0,04  CFH) 

which  should  give  a  deposit  of  0,3  weight  percent  material  at 
a  deposition  rate  of  20  mils/hr. 

For  production  of  unalloyed  pyrolytic  graphite: 

temperature  2000°C. 

Pressure  20  torr 

CH^  flow  rate  9—4.5  1pm  (19-9.5  CFH) 

flow  rate  0—4.5  1pm  (0-9.5  CFH) 

which  should  give  a  deposit  at  a  graded  rate  from  15  to  5  mils/hr. 
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VI.  PROFILE  CONTROL  STUDIES  FOB  STRAIN-THROUGH  FLOW  SERBS 

The  thickness  of  deposit  at  a  given  position  on  a  mandrel  is 
obviously  a  function  of  total  deposition  time  in  the  process  cycle;  however, 
many  factors  interact  to  determine  the  deposition  rate  at  such  a  point, 

A  number  of  factors  were  considered  by  Diefendorf  (Reference  10) 
for  the  simple  case  of  straight-through  flow  in  a  right-circular  cylinder. 
Figure  kj  shows  the  case  in  a  schematic  form.  As  the  cool  inlet  gas  flows 
from  the  cold  to  hot  portion  of  the  cylinder,  heat  is  transferred  by  con¬ 
duction  as  the  gas  contacts  the  wall  surface.  For  an  infinitely  long 
cylinder,  thermal  equilibrium  might  eventually  be  established  if  composi¬ 
tion  of  the  gas  remained  or  be  cans  constant, 

Chemical  reactions  occur  in  the  gas  phase  as  the  temperature 
increases.  The  tendency  is  toward  equilibria  of  the  type  discussed  by 
Duff  and  Bauer  (Reference  11)  and  shown  for  one  case  in  Figure  48.  During 
gas  flow  through  the  cylinder,  reactive  species  are  removed  from  the  gas 
by  diffusion  to  the  wall.  As  a  result,  composition  of  the  gas  varies  with 
distance  from  the  wall.  For  an  infinitely  long  cylinder  chemical  equili¬ 
bria  might  eventually  be  established  for  gas  phase  species  in  the  presence 
of  carbon  walls. 

The  net  result  of  changes  in  these  factors  and  others  is  a  non- 
uniform  deposit  thickness  along  the  length  of  a  cylinder.  The  figure 
illustrates  a  typical  thickness  profile.  A  profile  of  this  type  is  not 
satisfactory  for  an  anisotropic  deposit  of  pyrolytic  graphite.  Residual 
stress  levels  are  altered  too  far  from  those  for  an  ideal,  uniform  thick¬ 
ness  deposit,  which  leads  to  cracking  and  de lamination  during  post-deposi¬ 
tion  cool-down. 

Seme  aerospace  hardware  of  pyrolytic  graphite  is  made  by  straight- 
through  flow  in  mandrels  more  complex  than  cylinders.  The  next  simplest 
case  is  that  of  a  frustum  of  circular  cross-section,  where  cross-sectional 
area  changes  regularly  along  the  length.  The  linear  velocity  of  a  constant 
volume  flow  of  gas  thus  varies  along  the  length  of  the  mandrel.  This 
factor  must  be  accounted  for  to  avoid  undesirable  deposition  thickness 
profiles. 

An  even  more  complex  case  is  that  of  a  free-standing  rocket 
nozzle.  Here  the  gas  flow  is  conducted  through  a  region  of  diminishing 
cross-sectional  area  to  the  throat  region  and  then  through  a  region  of 
Increasing  cross-sectional  area. 


The  work  in  this  group  of  tasks  was  directed  toward  techniques 
which  could  be  used  to  control  deposition  thickness  profiles  in  all  such 
mandrels  for  straight-through  flow  systems. 


FLOW  CONTROL  STUDIES  (Task  3. 2. 2.1) 


According  to  the  Work  Statement,  "The  magnitude  of  the  changes  which 
can  be  made  through  modification  in  gas  flow  patterns  will  be 
established.  Techniques  which  will  be  evaluated  include  baffles. 
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plugs,  and  preheater  zones  with  diffuser  plates, " 

mmmm 

The  general  Ideas  for  baffles  and  plugs  were  conceived  before  the 
beginning  of  this  contrast.  Boss  baffling  was  used  in  the  process 
stadias  at  Saytheon  In  Tasks  3,4,1,!  through  3 *4, 1.3,  where  cylinders 
wra  deposited.  Some  plugs  had  been  used  at  General  Electric  in  work 
outside  this  contract. 

The  use  of  a  baffle  In  the  deposition  of  a  frustum  is  shown  in  ideal¬ 
ized  form  in  Figure  4-9,  The  baffle  is  so  contoured  as  to  deflect  the 
inlet  gas  stream  toward  the  mandrel  walls.  Successful  baffling  would 
result  in  laminar  £Lcw  over  the  entire  mandrel  wall,  eliminating  the 
need  for  long  distance  diffusion  from  the  Injected  core  of  gas. 

The  use  of  a  plug  in  the  deposition  of  a  frustum  Is  shown  in  idealized 
form  in  Figure  50*  A  plug  reduces  the  cross-sectional  area  for  gas 
flow.  Successful  plugging  would  lead  to  high  efficiency  deposition 
from  a  relatively  high  velocity  flow  of  gas  in  intimate  contact  with 
the  deposition  surface,  While  it  might  appear  that  a  secondary 
frustum  could  be  obtained  from  deposition  on  the  plug,  experience  has 
shown  that  this  material  is  generally  of  low  quality  and  with  un¬ 
favorable  residual  stresses, 

EXEERIkESsAL  COSDZIIOnS  SEIEuxED 

Three  baffle  systems  were  investigated  in  this  task.  In  the  first,  a 
simple  baffle  was  used  as  shown  in  Figure  51a.  In  this  case,  the 
baffle  was  not  intended  to  control  the  cross  sectional  area  but  to  act 
as  a  gas  preheater  (rather  than  using  the  mandrel  surfaces)  and  also 
to  prevent  the  formation  of  a  wasteful  core  of  unusable,  unreacted 
hydrocarbons  along  the  flow  axis. 

The  second  baffle  was  designed  to  maintain  a  constant  gap  between  the 
mandrel  deposition  surface  and  the  baffle.  This  design  is  shown  in 
Figure  51b  and  for  the  same  gas  flow  as  in  the  first  design  it  in¬ 
creased  the  linear  velocity  significantly.  Linear  velocity  increases 
in  a  plugged  frustum  for  two  reasons.  Less  cross-sectional  area  is 
available  for  the  given  volume  flow.  Also,  by  the  geometry  of  a 
frustum,  cross  sectional  area  decreases  along  the  length  toward  the 
small  end. 

The  third  baffle  was  designed  to  maintain  a  flow  cross  section  which 
was  essentially  constant  over  the  length  of  the  part  deposited.  In 
this  case,  the  relatively  uniform  velocity  eliminated  any  variation  in 
deposition  rates  as  a  result  of  changes  in  velocity  and  allowed  much  of 
the  information  developed  for  simple  cylinders  to  be  applied  to  this 
frustum  configuration.  This  baffle  is  shown  as  Figure  51c,  and,  like 
51b,  it  allowed  a  very  high  linear  velocity  as  compared  to  Figure  51a. 


The  mandrel  used  for  this  task  is  shown  in  figure  52.  It  was  designed  to  ] 
approximate  closely  the  size  and  shape  of  interest  for  use  in  aerospace  j 
re-entry  vehicles. 

Processing  conditions  for  these  depositions  are  shown  in  Table  XI*  The 
deposit  ms  alleged  with  boron  at  a  nominal  level  of  0*3  weight  percent. 

The  linear  velocities  shown  in  the  table  are  not  measured*  but  calculated 
values.  Inlet  flow  volumes  were  corrected  for  thermal  expansion  and  for 
estimated  changes  in  the  volumes  which  resulted  from  partial  degradation 
of  methane,  formation  of  hydrogen,  and  carbon  removal. 

RESULTS 

It  ms  expected  a  priori  that  the  plugged  runs  would  yield  a  better  de¬ 
position  thickness  profile  than  the  baffled  run  and  that  the  uniform  gap 
design  would  give  the  best  of  all. 

Fran  the  results,  as  shown  in  Figure  53,  it  can  be  seen  that  the  constant 
gap  plug  gave  a  more  uniform  deposition  profile  than  the  constant  area 
plug.  The  surprising  thing  was  that  the  simple  baffle  gave  the  best  pro¬ 
file  and,  in  addition,  produced  a  thicker  frustum  for  the  same  process 
conditions,  including  deposition  time.  Preheaters  with  diffuser  plates 
were  not  investigated,  as  adequate  gas  heating  was  provided  by  the  use 
of  a  simple  cylinder  attached  to  the  bottom  end  of  the  mandrel. 

Seme  differences  were  found  in  microstructures  for  materials  deposited 
near  the  gas  exhaust  (small)  ends  of  the  three  frustums.  The  photo¬ 
micrographs  in  Figure  54  show  the  onset  of  a  regenerative  microstructure 
in  the  plugged  runs. 

SUMMARY  AND  CONCLUSIONS 

The  primary  difference  between  a  frustum  mandrel  and  a  cylinder  mandrel  is 
the  changing  cross-sectional  area  with  length  for  the  former  and  the 
constant  cross-sectional  area  of  the  latter.  Wien  steps  were  taken  to 
make  a  frustum  like  a  cylinder  by  the  use  of  a  plug  which  altered  its  flow 
cross-section  to  a  constant  value,  the  resultant  deposition  thickness 
profile  became  equivalent  to  that  for  a  cylinder.  Unfortunately,  as  the 
curve  for  run  9033  indicated,  the  deposition  profile  for  the  cylinder 
equivalent  was  not  uniform  for  the  conditions  used. 

The  non-uniform  cross-sectional  areas  available  to  the  gas  flows  in  the 
simple  baffle  and  the  constant  gap  plug  cases,  gave  more  uniform  deposition 
thickness  profiles.  Apparently,  these  cases  gave  a  better  balance  among 
factors  such  as  linear  velocities,  Reynold's  numbers,  active  species  con¬ 
centrations,  gas  heating  rates,  gas-phase  reaction  rates  and  carbon  deple¬ 
tion  rates  for  a  frustum  this  size. 

Since  the  curve  for  the  simple  baffle  case  lies  above  the  curve  for  the 
constant  gap  plug  case,  it  might  appear  that  carbon  stripping  from  the 
gas  was  more  efficient  in  the  baffle  case.  This  was  not  so,  however,  if 
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i&e  additional  pyrolytic  graphite  deposited  on  the  surface  of  the  plug  were 
considered,  ..Carbon  deposited  on  the  plug  is  not  useful  product,  though, 
and  represents  a  wasteful  competition  for  the  carbon  content  of  the  in- 
coming  gas, 

mmSTOPIOKS 

For  frustums  of  current  interest  as  aerospace  hardware,  simple  baffles 
Should  he  used  for  gas  flow  control,  These  will  provide  uniform  deposi¬ 
tion  thickness  profiles,  while  offering  little  in  the  way  of  surface  which 
competes  with  the  mandrel  for  the  carbon  content  of  the  gas. 

In  very  large  frustums,  where  the  cross-sectional  area  must  be  limited  to 
restrict  the  total  required  gas  flows  In  the  deposition  furnace,  plugs  may 
he  necessary.  If  so,  plugs  contoured  so  as  to  provide  constant  gaps  are 
preferred  to  plugs  which  provide  constant  cross-sectional  areas, 

3,  M3SQCAS30H  .STUDIES  (Task  $.2,2.2)  • 

According  to  the  Work  Statement,  “The  magnitude  of  change  in  deposit 
thickness  profile  and  deposition  rate  through  gas  replenishment  techniques 
will  be  evaluated, " 

SafflgafflfflP 

A  portion  of  the  decrease  in  deposition  thickness  along  the  length  of  a 
deposit,  as  shown  in  Figure  kj,  can  be  ascribed  to  carbon  depletion  from 
the  core  of  reactant  gas.  For  very  efficient  carbon  stripping,  this  de¬ 
pletion  effect  would  be  significant.  Even  for  relatively  inefficient 
carbon  stripping,  this  effect  must  be  considered  when  the  gas  flow  path 
is  a  long  one. 

If  fresh  hydrocarbon  gas  could  be  Injected  properly,  it  should  be  possible 
to  make  up  for  some  or  all  of  the  carbon  depletion  in  the  primary  inlet 
flow. 

EXEERIMEKTAL  COHDIUOHS  SELECTED 


For  this  work,  eyllnderical  mandrels  of  5-inch  inside  diameter  and  20-inch 
length  were  chosen.  These  were  Identical  to  those  chosen  for  the  hydrogen 
dilution  task  of  this  group  (Task  3. 2. 2. 3)  so  that  results  could  be  com¬ 
pared  directly, 

A  deposition  temperature  of  3800°F.  was  used  at  5.0  mm.  Hg.  pressure  with 
36  CFH  of  methane  as  the  gas  flow.  These  conditions  were  identical  with 
those  of  run  8036W  from  the  hydrogen  dilution  task,  except  that  the  inlet 
flow  was  divided  for  this  task.  In  one  case,  half  of  the  gas  was  put 
through  the  inlet  nozzle  and  half  through  the  extended  replenishment 
nozzle.  In  another  case,  two -thirds  of  the  gas  was  put  through  the  inlet 
nozzle  and  one-third  through  the  replenishment  nozzle.  These  conditions 
are  shown  in  Table  XU. 
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Figure  55  shows,  in  schematic  form,  the  concept  as  it  might  be  reduced  to  i 
practice  fen*  the  deposition  of  a  long  frustum.  Figure  5 6,  -which  is  not  to  j 
scale,  shows  the  method  as  reduced  to  practice  with  modifications  to  I 

existing  equipment  for  the  deposition  of  cylinders..  Figure  57  is  a  photo-  , 
graph  of  the  actual  nozzle  showing  the  central  water-cooled  replenishment 
nozzle  with  its  provisions  for  water  inlet  and  outlet  and  gas  inlet.  The 
figure  also  shows  the  dual  uncooled  inlet  tubes  which  formed  the  inlet 
system  for  the  gas  entering  the  base  of  the  mandrel  assembly,.  The  o-rlnged 
flange  separated  the  vacuum  portion  of  the  deposition  furnace  from  the 
atmospheric  pressure  portion. 

HSSUITS 

The  deposition  thickness  profiles  for  the  two  runs  are  shown  in  Figure  58. 
They  are  compared  with  a  normal  deposit  prepared  at  the  same  temperature, 
pressure  and  total  flow.  For  an  exact  comparison  the  normal  deposit  curve 
would  have  to  be  adjusted  downward  to  account  for  the  two  extra  hours 
deposition  time. 

SUMMARY  AND  CONCLUSIONS 


From  the  shapes  of  the  deposition  thickness  profile  curves,  it  could  be 
seen  that  an  improvement  (flattening  of  the  curve)  was  obtained  when  a 
portion  of  the  inlet  flow  of  methane  was  used  as  a  replenishment  about 
halfway  down  the  length  of  a  cylinder  of  the  dimensions  used.  The  best 
(flattest)  profile  was  obtained  when  half  the  total  gas  flow  was  used  for 
replenishment, 

FECCMmiATIONS 

While  this  technique  offers  an  improvement  in  deposition  thickness  profile, 
its  implementation  is  more  difficult  than  that  of  simple  baffles  or 
hydrogen  dilution.  All  the  difficulties  and  potential  hazards  associated 
with  long  water-cooled  nozzle  systems  in  operation  in  high  temperature, 
low  pressure  environments  must  be  taken  into  account.  Routine  pre- 
deposition  leak  checks  are  a  must. 

Properly  used,  this  technique  could  be  adapted  to  a  wide  variety  of  sizes 
and  shapes  and  would  be  equally  useful  in  resistance-heated  or  induction- 
heated  furnaces. 

C.  HYDROGEN  DILUTION  STUDIES  (Task  3.2. 2. 3) 

According  to  the  Work  Statement,  "Chernies!  techniques  for  modifying  de¬ 
position  rates  and  deposition  thickness  profile  will  be  evaluated  using 
hydrogen  as  a  diluent." 

BACKGROUND 

An  overall  reaction  equation  of  the  form: 
ch4  -A_  C  +  2E2  ( 
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offers  a  convenient  means  of  expressing  the  deposition  of  carbon  from  a 
hydrocarbon  source  gas.  Such  an  equation,  however,  is  not  adequate  to 
indicate  the  complex  set  of  reactions,  consecutive  reactions,  competing 
reactions  and  back  reactions  which  actually  occur  and  whose  individual 
importance  depends  on  temperature,  pressure  and  other  conditions  which 
prevail  in  the  flowing  mixture  of  species  and  at  the  mandrel  surface. 

Fortunately,  an  exact  knowledge  of  the  mechanism  or  an  identification  of 
intermediate  species  is  not  required  to  deposit  pyrolytic  graphite  from  a 
hydrocarbon  gas,  nor  to  develop  a  manufacturing  technology.  Enough 
experience  with  empirical  relationships  is  at  hand  to  assure  reasonable 
success  for  most  depositions. 

The  overall  equation  is  useful  to  the  extent  that  it  indicates  hydrogen  is 
a  product  of  the  overall  reaction  and  how  much  hydrogen  would  be  obtained 
if  the  reaction  were  carried  to  completion.  It  seemed  reasonable  to  assume 
that  hydrogen  might  be  effective  in  modifying  the  rate  (or  rates)  at  which 
completion  would  be  attained. 

In  addition  to  its  possible  action  as  a  chemical  back-reactant,  hydrogen 
could  be  expected  to  exert  influences  in  other  ways.  For  instance,  the 
presence  of  hydrogen  should  influence  the  rate  at  which  the  gas  becomes 
heated  near  the  inlet  to  the  hot  mandrel  system.  Hydrogen  might  also 
compete  for  active  sites  at  the  mandrel  surface  and  thus  influence  the 
rate  at  which  carbon  precursors  were  added  to  the  surface. 

Thus,  for  many  reasons  hydrogen  showed  promise  as  a  "diluent"  in  the  inlet 
hydrocarbon  gas  stream.  Finally,  its  influence  should  be  greatest  near 
the  inlet  end  since  hydrogen  (as  a  product  of  reaction)  would  already  be 
expected  near  the  outlet  end. 

EXPERIMENTAL  CONDITIONS  SELECTED 


The  results  provided  by  Raytheon  from  their  studies  in  Tasks  3. 4.1.1- 
3. 4. 1.3  showed  the  advisability  of  producing  boron-alloyed  pyrolytic 
graphite  cylinders  with  about  0.3  weight  percent  of  boron.  It  was  decided 
to  deposit  that  material  in  the  work  in  this  task. 

Calculations  showed  that  for  5-inch  diameter  deposits  flows  of  3 6  cfh 
methane  and  0.19  cfh  BCI3  would  provide  a  linear  gas  velocity  similar  to 
that  used  by  Raytheon  for  their  3 -inch  cylinders.  Then,  addition  of  7  and 
14  cfh  hydrogen  would  give  the  desired  20  and  40  percent  dilution  for  the 
initial  runs  in  this  task.  All  deposits  were  made  at  3800°F.  and  5  mm. 

Hg.  Process  conditions  are  shown  in  Table  XIII. 

RESULTS 

The  first  experimental  results  were  those  shown  in  Figure  59.  These 
results  were  exactly  reversed  from  those  which  had  been  predicted. 

Although  the  trouble  was  eventually  proved  to  be  an  error  in  labeling  the 
two  cylinders  made  simultaneously  in  deposition  run  8035,  this  could  not 
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be  stated  with  certainty  at  the  time  these  curves  were  plotted.  Conse¬ 
quently,  it  was  necessary  to  allow  that  the  results  might  be  correct  as 
shown,  to  devise  plausible  reasons  which  could  explain  such  results  and 
to  test  the  reasoning. 

For  these  results  to  be  correct,  the  decreased  concentration  of  active 
species  near  a  given  point  along  the  mandrel  surface  which  resulted  from 
dilution  (and/or  back  reaction)  would  have  to  be  overshadowed  by  a  con¬ 
centration  increase  as  a  result  of  increased  linear  velocity  of  the  total 
gas  flow.  Wo  past  experience  would  justify  a  flow  velocity  dependence  of 
this  magnitude  in  this  range  of  linear  velocities. 

A  new  cylinder  (4o4l)  was  deposited  at  such  conditions  that  linear  flow 
rate  was  identical  to  that  for  the  no  dilution  case  (8035W)  but  with  a 
diluted  composition  equivalent  to  4040.  Presumably,  the  curve  would  fall 
on  or  slightly  below  that  of  8035W  since  velocities  were  identical  but 
4o4l  was  diluted.  Instead,  the  curve  for  4o4l,  as  seen  in  Figure  60,  was 
nearly  identical  with  the  curve  for  80352.  This  suggested  strongly  that 
the  labels  had  been  reversed  on  80352  and  803 5^.  If  so,  the  upper  curve 
would  be  for  no  dilution  as  had  been  originally  predicted  and  the  lower 
curve  would  be  for  the  case  of  most  dilution. 

Further  proof  that  hydrogen  dilution  decreased  the  deposition  rate  as 
expected  was  obtained  in  two  ways; 

a)  A  set  of  unalloyed  pyrolytic  graphite  cylinders  was  de¬ 
posited,  again  with  and  without  dilution  (8O36E  and  803 6W) . 

The  curve  for  the  undiluted  flow  lies  above  the  curve  for 
diluted  flow  as  seen  in  Figure  6l.  Thus,  at  least  for 
systems  without  BClg,  dilution  decreased  deposition  rates 
as  would  be  predicted. 

b)  Another  set  of  cylinders  (8043E  and  8043W)  of  boron- 
alloyed  pyrolytic  graphite  was  deposited  with  and  without 
dilution.  The  runs  were  scaled  down  in  such  a  way  as  to 
give  high  linear  velocl  ies  but  with  decreased  volume 
flows  in  smaller  cylinders  (4.5  inches  diameter  instead 
of  5*0  inches).  Due  to  an  error  in  instructions,  the  run 
was  carried  out  at  a  higher  volume  flow  than  planned,  as 
indicated  in  Table  XIII.  However,  as  seen  in  Figure  6l, 
the  curve  for  the  undiluted  run  lies  above  the  curve  for 
the  diluted  run  as  would  have  been  predicted  originally 
(before  the  trouble  in  80352  and  W) .  Not  only  did  this 
reaffirm  the  mislabeling  of  the  8035  cylinders,  but  it 
also  eliminated  the  need  to  consider  any  model  based  on 
possible  catalytic  effects  associated  with  hydrogen  in 
the  presence  of  BCiU.  Such  a  catalytic  effect  model 

was  given  some  consideration  because  of  the  unknown 
effects  of  side  reactions  (possibly  borane  formations) 
on  the  deposition  rates  in  the  alloyed  system.  The 
relatively  flat  initial  portions  of  the  curves  for  8043E 


59 


and  W  are  a  consequence  of  an  assembly  redesign  to  elimi¬ 
nate  the  gas  inlet  baffles  which  had  been  used  for  all 
other  cylinder  depositions  in  this  task. 

At  this  point  in  time,  the  Work  Statement  was  being  revised  and  no  further 
work  was  carried  out  in  Task  3«2.2.3. 

Microstructures  of  material  deposited  in  the  8C&3  cylinders  are  shown  in 
Figure  62.  No  great  differences  are  observed  between  the  diluted  and 
undiluted  system  materials . 

SUMMARY  AM)  CONCLUSIONS 

— wg— mmm  am ■  —m— mm mm g 

For  the  range  of  dilution  conditions  used  in  these  studies,  hydrogen 
dilution  was  effective  in  reducing  deposition  rates  of  both  boron  alloyed 
and  unalloyed  pyrolytic  graphite.  It  had  been  predicted,  however,  that 
the  influence  of  hydrogen  would  be  greatest  near  the  inlet  end.  Such  a 
change  would  lead  to  a  relative  flattening  of  the  deposition  thickness 
profile  since  the  high  initial  portion  of  the  curve  would  be  lowered  most. 
No  such  flattening  was  observed  in  these  Btudies. 

Figure  63  is  a  plot  of  the  logarithms  of  the  apparent  deposition  rates 
(total  thickness  divided  by  total  time)  against  lengths  along  the  cylinders. 
Assuming  that  an  exponential  decay  in  deposition  rates  of  the  form 
R  «  Rrnflve  -kl  could  be  used  to  describe  the  case  for  these  cylinders,  such 
a  plot  would  give  straight  lines  with  slopes  of  characteristic  value  (-k). 
There  are  end  effects  seen  in  these  plots  but  they  are  indicative  of 
thermal-gradient  end  effects  in  the  deposition  assemblies.  In  this  plot, 
however,  the  linear  portions  of  the  curves  are  all  of  identical  slope 
whether  for  boron  alloyed  or  unalloyed  pyrolytic  graphite.  This  unex¬ 
pected  result  reaffirms  the  statement  that  hydrogen  addition  did  not  alter 
the  basic  shapes  of  the  deposition  thickness  profiles. 

This  result  is  in  apparent  contradiction  to  other  work  done  outside  this 
contract  in  deposition  assemblies  for  other  geometrical  shapes.  It  may  be 
that  the  effect  of  hydrogen  is  more  pronounced  at  lower  linear  flow 
velocities  (longer  residence  times  for  active  species)  and  at  much  higher 
velocities  (where  heating  of  the  inlet  gas  stream  is  a  limiting  factor). 

RECOMMENDATIONS 


On  the  basis  of  the  results  from  this  task,  hydrogen  dilution  alone  is  not 
recommended  as  a  technique  for  control  of  deposition  thickness  profile  in 
straight-through  flow  systems.  It  might,  however,  be  useful  in  certain 
cases  such  as  those  where  very  high  or  very  low  gas  flows  are  required. 

It  might  also  be  useful  when  combined  with  other  control  techniques  such 
as  baffles  and  plugs, 

D.  OPTIMIZATION 

The  results  frcm  all  three  tasks  of  this  group  were  considered  for  com¬ 
bination  into  a  series  of  optimization  runs.  Only  one  deposit  was  made 
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at  the  time  the  revised  Work  Statement  vent  into  effect,  This  deposit 
was  a  frustum  of  the  same  type  used  in  Task  3*2, 2,1. 

The  new  deposition  run  (903*0  vas  carried  out  with  the  same  deposition 
assembly  design,  including  a  simple  baffle,  as  the  best  run  (9031)  from 
Task  3. 2, 2,1.  All  deposition  conditions  were  identical  to  those  for  9031 
as  shown  in  Table  XI,  except  for  the  addition  of  20  efh  hydrogen  in  the 
inlet  gas  flow.  This  30  percent  dilution  lowered  the  deposition  rate 
somewhat,  as  seen  in  Figure  64,  but  did  very  little  to  improve  an  already 
acceptable  thickness  profile. 

On  the  basis  of  these  results,  it  was  decided  that  the  next  task  (3.4.6) 
would  be  carried  out  without  hydrogen  dilution. 
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VII.  ADVANCED  STUDIES  FOR  STRAIGHT-THROUGH  FLOW  SYSTEMS 


A  portion  of  the  revised  Work  Statement  was  directed  towards 
residual  problems  in  straight-through  flow  systems*  The  results,  of 
course,  would  also  be  applicable  to  reflex  flow  systems  but  the  work  was 
mare  conveniently  carried  out  in  cylinder  deposition. 

The  problems  which  led  to  the  formulation  of  these  elements  of 
-  the  revised  Work  Statement  were: 

1.  Lack  of  ability  to  incorporate  precisely  the  desired  or  "nominal" 
concentrations  of  boron  in  deposits  of  boron-alloyed  pyrolytic 
graphite . 

2.  Inability  to  determine  accurately,  reliably  and  conveniently  the 
boron  concentration  in  deposits  of  boron-alloyed  pyrolytic  graphs 
ite. 

3.  The  need  for  assessment  of  the  effects  of  graphitization  on 
residual  stress  levels  and  patterns  in  deposits  of  boron- 
alloyed  and  unalloyed  pyrolytic  graphite. 

The  first  two  problems  were  intimately  related.  Part  of  the 
uncertainty  in  depositing  material  with  the  desired  boron  content  re- 

•  suited  from  the  uncertainty  involved  in  boron  assay  of  the  material.  Part 
of  the  difficulty  with  the  development  of  an  adequate  boron  assay  tech¬ 
nique  resulted  from  the  fact  that  no  series  of  samples  were  available 
which  had  been  prepared  in  a  systematic  way.  To  overcome  these  problems, 

J  cylinders  of  boron-allowed  pyrolytic  graphite  were  prepared  at  General 

Electric ,  Ifetallurgical  Products  Department  using  a  matrix  of  pre¬ 
selected  conditions.  Assay  was  carried  out  on  samples  of  these  deposits 

•  at  General  Electric,  Re-Entry  Systems  Department  on  subcontract. 

A.  BORON  ALLOY— DEPOSITION  STUDIES  (Task  3^*6) 

• 

According  to  the  Work  Statement  "Calibration  curves  will  be  prepared 
for  incorporation  of  controlled  weight  percentages  of  boron  in  vapor 
.  deposits  by  controlling  volume  percentages  of  boron  trichloride 

vapor  in  the  inlet  gas  streams.  No  simple  correspondence  is  expect¬ 
ed  because  of  competing  gas  phase  reactions  which  remove  boron  in 
soot"* 

BACKGROUND 

Boron-alloyed  pyrolytic  graphite  had  been  prepared  and  characterized 
before  work  began  in  this  contract.  No  firm  specifications,  re¬ 
quiring  boron  at  a  definite  weight  percent  level  within  very  narrow 
limits  had  yet  been  imposed  for  the  production  of  any  specific  aero¬ 
space  hardware.  As  a  result,  each  producer  had  developed  capabilities 
for  supplying  material  of  "about  X  weight  percent  boron  ±  y  percent" 
or  "nominal  X  weight  percent"  where  X  varied  between  zero  and  2  and 
y  was  about  0.1  to  0,2.  Process  conditions  were  modified  slightly 
if  the  first  run  of  a  series  was  nearly  correct  when  assayed. 

Actually  the  results  were  better  than  might  be  expected  for  such  an 
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empirical  situation,  The  primary  variable  in  most  systems  was  the 
inbst  flow  ratio  of  hydrocarbon-to-boron  source  gases.  Seme  work 
had  also  been  done  to  investigate  the  effects  of  temperature  and 
pressure. 

EXPERIMENTAL  CONDITIONS  SEIECTED 

w 

Cylinders,  4-1/2”  diameter  by  20"  long,  were  selected  for  deposition 
in  this  work.  A  deposition  assembly  was  designed  which  permitted 
two  such  cylinders  to  be  made  simultaneously.  It  was  necessary  that 
a  common  temperature  and  pressure  be  used,  but  the  methane-to-boron 
trichloride  ratios  could  be  varied  independently.  A  drawing  of  the 
deposition  assembly  (not  to  scale)  is  shown  in  Figure  65.  All  the 
design  practices  recommended  fretn  the  mandrel-related  studies  were 
incorporated. 

A  matrix  of  26  deposition  conditions  was  devised  which  would  cover  the 
range  of  temperature,  pressures  and  boron  concentrations  most  likely 
to  be  useful  for  fabricating  aerospace  hardware.  These  conditions  are 
shown  in  Table  XT/. 

In  addition  to  this  matrix,  other  runs  were  made  either  to  extend  the 
range  of  conditions  or  to  repeat  runs  whose  results  might  have  been 
influenced  by  excessive  soofcing.  For  instance,  the  additional  condi¬ 
tions  were:  a)  364o°F. ,  5  MM  and  450/1  flow  ratio;  b)  3^5 0°F.,  7  MM 
and  2k0/l  ratio;  and  c)  3450°F,,  7  MM  and  120/1  ratio. 

Detroit  natural  gas  (greater  than  95  percent  methane)  was  substituted 
for  pure  methane  in  these  studies  in  accordance  with  normal  manufac¬ 
turing  practice.  Its  flow  rate  was  fixed  at  36  cfh  on  the  basis  of 
the  previous  experience  in  Task  3. 2. 2,3,  and  baron  trichloride  flow 
was  varied  to  obtain  the  desired  inlet  flow  ratios.  Approximate 
linear  flow  velocities  were  calculated,  allowing  for  heat-up  and 
dissociation  of  the  inlet  gas.  These  values  are  shown  in  Table  XV 
and  should  be  used  as  the  starting  point  for  any  independent  studies. 

Pressure  and  temperature  effects  were  estimated  using  ideal  gas  law 
relationships.  If  methane  completely  dissociated,  two  mols  of  gas 
(molecular  hydrogen)  would  be  formed  for  each  dissociated  mol  of 
methane.  Since  total  dissociation  does  not  occur,  a  factor  of  1.5 
was  used  to  adjust  the  inlet  methane  flow. 

RESULTS 

A  summary  of  the  operating  conditions  and  test  data  are  shown  in 
Tables  XVI  and  XVII,  respectively. 

Figure  66  shows  a  typical  set  of  cylinders  before  mandrel  removal. 

Although  it  is  not  obvious  in  this  figure,  the  mandrel  had  failed  in 

two  ways:  Along  the  circumferential  grooves  and  axially.  The  sampling  » 

was  done  in  accordance  with  the  drawing  in  Figure  67  as  seen  for  a 

typical  case  in  Figure  68. 
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Residual  stress,  bulk  density  and  microstrueture  were  determined  on 
rings  ”B"  and  "D”.  After  material  ms  removed  for  this  characteri¬ 
zation,  the  balance  of  material  from  these  rings  ms  shipped  to 
General  Electric,  Re-Entry  Systems  Department  for  boron  assay  in 
■Task  3.4.7. 

The  primary  objective  of  this  task  ms  to  provide  enough  data  so  that 
processing  conditions  could  be  selected  to  yield  desired  weight  per¬ 
centages  of  boron  in  deposits.  In  the  course  of  this  work,  however, 
other  data  were  gathered  which  supplement  the  boron  studies.  It  is 
convenient  to  discuss  the  results  in  a  number  of  separate  categories. 

Profile  Figures  69  through  75  show  the  deposition  thickness 
profiles  of  the  cylinders.  The  plotted  values  are  actually 
each  averages  of  four  readings  taken  at  90°  increments  around 
the  circumference.  The  average  circumferential  profile  varia¬ 
tion.  was  about  10  percent.  The  shapes  of  the  profile  curves 
were,  for  the  most  part,  simply  reflections  of  the  concentration 
gradients  of  active  species  in  the  gas  as  the  gas  flowed  along 
the  lengths  of  the  cylinders.  In  some  profiles,  the  initial 
rates  were  lower  than  the  maximum  rates.  This  was  attributed 
to  the  fact  that  the  "0"  position  of  the  deposit  (along  the 
cylinder  length)  was  close  to  the  furnace  floor  and,  therefore, 
often  in  a  zone  where  the  gas  ms  not  yet  at  temperature. 

Microstrueture  Figures  76  through  86  show  the  microstrueture s 
of  rings  "B"  and  "D,!  for  all  deposits  at  an  approximate  magni¬ 
fication  of  ?0X.  Ho  significant  difference  in  structures 
between  the  two  rings  were  observed  for  any  cylinder. 

"Pepper- like"  specks  in  8059-1B  were  examined  at  higher  magni¬ 
fications,  as  shown  in  Figure  87.  The  particles  were  attributed 
to  excessive  soct  development  in  the  gas  stream,  and  not  to 
extraneous  foreign  matter  introduced  Into  the  system.  There  is 
a  possibility  that  the  specks  might  contain  a  new  phase,  B1|C, 
but  no  further  work  ms  done  to  identify  them  and  no  such  specks 
were  found  in  other  samples  of  similar  boron  content. 

Bulk  Density.  Apparent  bulk  densities  were  obtained  by  the 
displacement  of  freshly-boiled  distilled  water. 

Boron  Assay.  All  boron  values  in  Table  XVII  were  obtained  in 

Task  3.4.7. 

Residual  Stress.  Residual  stress  values  are  shown  in  Table  XVII 
only  for  'tiie  cases  where  crack-and  de lamination-free  deposits 
were  obtained.  The  stress  values  were  obtained  from  cut  rings 
by  the  technique  detailed  in  Appendix  III. 
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mmsw  of  results 


The  results  from  this  task  can  be  used  to  shew  the  influences  of 
temperature,  pressure  and  boron  trichloride  concentration  in  deter¬ 
mining  the  weight  percentage  of  boron  deposited  in  boron-alloyed 
pyrolytic  graphite.  In  addition,  the  results  can  be  used  to  show 
how  deposition  rate  of  this  material  varies  with  pressure  and  with 
temperature.  These  influences  are  best  discussed  separately. 

Temperature  Influence  on  Boron  Incorporation  Figures  88  through 
91  indicate  the  effect  of  temperature  variations  on  the  weight 
percent  of  boron  incorporated  in  the  solid  for  methane-to-boron 
trichloride  ratios  of  30/l,  6o/l,  120/l  and  24o/l. 

Although  the  absolute  values  of  boron  decreased  with  an  in¬ 
crease  in  the  flow  ratio,  as  would  be  expected,  the  increase 
with  respect  to  decreasing  temperature  was  relatively  in¬ 
dependent  of  the  flow  ratio.  Most  of  the  data  agree  fairly 
well  with  an  increase  in  boron  content  of  0.2  percent  for  a 
decrease  in  deposition  temperature  of  about  100°F. 

Seme  data  points  appeared  to  be  lower  than  would  be  expected 


might  have  been  predicted.  These  two  cylinders  were  one  set 
deposited  simultaneously.  Severe  sooting  had  been  noted  during 
this  run,  as  judged  by  the  appearance  of  many  particles  in  the 
exhaust  stream.  large  growths  were  deposited  within  the  cylin¬ 
ders,  of  a  type  shown  in  Figure  92  for  another  cylinder  in  this 
task. 

Since  some  gas  phase  nucleation  occurred  at  all  conditions  used 
in  this  task,  it  is  important  to  describe  the  condition  re¬ 
ferred  to  as  "sooting."  In  the  absence  of  measured  particle 
distributions,  the  concept  was  described  in  terms  of  two  regimes: 

a)  A  low  concentration  of  ultra-fine  particles  in 
the  effluent  gas  stream. 

b)  A  high  concentration  of  large  particles  in  the 
effluent  gas  stream. 

The  results  of  deposition  in  regime  B  are  dramatic.  Large  com¬ 
pacts  of  low  density  material  are  laid  down  in  the  exhaust 
stack  region  of  the  deposition  assembly.  In  extreme  cases, 
coating  of  the  furnace  walls  and  pump  line  occurs.  The  material 
within  the  hot  zone  can  vary  in  nature  from  piles  of  individual 
particles  to  strong  conpacts  of  well-bonded  carbon  of  low  quality. 
Seme  soot  structures  become  coated  with  pyrolytic  graphite  as 
was  the  case  shown  in  Figure  92.  The  compacts  can  cause  partial 
or  complete  choking  of  the  gas  flow  path. 


from  the  general  nature  of  the  curves.  For  example,  the  points 
for  3640°F ..  5  MM.  and  30/l  flow  ratio  in  Figure  88 j  and  3640°F. 
5  MM.  and  2k>,/l  ratio  in  Figure  91  were  definitely  below  what 


Normal  deposition  takes  place  within  regime  A  and  it  is  for 
this  condition  that  calibration  curves  are  valid. 

When  boron  trichloride  is  present,  soot  formation  removes  part 
of  the  boron  which  otherwise  would  have  been  incorporated  in 
the  normal  deposit  on  the  mandrel  wall.  Thus,  boron  assay 
would  give  abnormally  low  results  for  such  deposits . 

Returning  to  the  case  of  the  two  cylinders  with  low  boron 
content,  it  was  decided  to  make  a  new  run  repeating  the 
2l0/l  ratio  but  substituting  a  450/1  ratio  for  the  30/l  ratio. 

The  sooting  had  originated  in  the  30/l  ratio  cylinder,  closed 
the  common  exhaust  stack  and  Influenced  the  24o/l  ratio  cylin¬ 
der.  The  new  set  was  deposited  successfully  without  sooting 
in  regime  B,  and  the  date  points  fell  where  they  were  pre¬ 
dicted  on  the  curves. 

Pressure  Influence  on  Boron  Incorporation.  The  weight  per¬ 
cent  of  boron  in  boron-alloyed  pyrolytic  graphite  increases 
with  increasing  deposition  pressure.  This  effect  is  illus¬ 
trated  in  Figures  93 >  94  and  95  for  deposition  at  3800°F, 

364o°F,  and  3450°F,  respectively.  There  is  more  scatter  in 
these  date  than  was  the  case  for  the  temperature  influence 
studies.  Pressure  was  measured  at  a  point  beyond  the  exhaust 
stack  in  the  deposition  assembly.  Thus  the  pressure  measure¬ 
ment  was  not  a  reliable  indie*'’  ion  of  the  true  pressure  within 
the  deposition  assembly  for  ,  ,se  where  sooting  led  to 
growths  in  the  exhaust  stack,  fne  error  would  vary,  depending 
on  the  degree  of  stack  closure. 

Nevertheless,  if  allowance  is  made  for  those  points  associated 
with  sooted  runs,  it  can  be  stated  -chat  the  boron  content  in 
the  deposit  increased  with  an  increased  deposition  pressure. 

The  average  slopes  for  the  curves  at  the  three  temperatures 
were  0.10  weight  percent  per  MM.  for  3800°F.,  0.07  for  3^40°F, 
and  0.14  for  345 0°F.  In  view  of  the  scatter  in  data,  it  is 
probably  best  to  assume  an  average  slope  of  0.10  for  future 
process  selection  or  modification  within  this  temperature 
range. 

Boron  Trichloride  Concentration  Influence  on  Boron  Incorporation. 
The  calibration  curves,  relating  the  relative  amount  of  boron 
Introduced  as  BCI3  in  the  inlet  gas  stream  to  the  concentration 
incorporated  in  solid  deposit,  are  shown  in  Figure  $6.  This 
figure  is  confusing,  not  only  because  there  are  so  many  date 
points  but  also  because  none  of  the  date  have  been  corrected 
in  any  way  for  the  effects  of  sooting. 

For  convenience,  the  smoothed  curves  in  Figure  97  may  be  found 
more  useful.  This  curve  was  prepared  by  transferring  ring  "B11 
(bottom)  points  from  the  temperature  influence  curves  (Figures 
88  through  91)  after  first  replacing  them  on  their  respective 
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curves  if  they  were  not  already  so.  While  such  a  correction 
technique  is  hound  to  admit  errors  of  judgment,  the  smoothed 
calibration  curves  are  believed  to  be  reasonably  accurate. 

The  curves  may  be  used  to  specify  conditions  far  production 
of  a  given  weight  percent  alloy  or  to  modify  conditions  when 
a  trial  run  has  been  nearly  successful.  The  boron  values 
are  for  ring  "B"  positions  which  would  be  about  average  values 
over  the  lengths  of  the  cylinders. 

Pressure  Influence  on  Deposition  Rates.  Deposition  rate  was 
found  to  be  proportional  to  the  square  root  of  the  deposition 
pressure,  as  can  be  seen  in  Figures  98,  99  and  100.  This 
relationship  was  true  over  the  temperature  range  studied.  The 
dashed  lines  indicate  the  average  slope  for  each  set  of  curves. 

Temperature  Influence  on  Deposition  Rates.  The  deposition  rates 
were  found  to  increase  at  about  0.86  mils/hour  per  100°F,  re¬ 
gardless  of  pressure,  over  the  range  of  temperature  studied. 

The  data  points  are  shown  in  Figure  101.  The  "ideal1'  straight 
lines  also  shown  for  comparison  were  prepared  from  values  taken 
from  the  dashed,  average  lines  of  Figures  98,  99  and  100. 

SUMMARY  AND  CONCLUSIONS 


The  results  from  this  task  provide  the  necessary  information  for  pre¬ 
dicting  boron  concentrations  in  boron-alloyed  pyrolytic  graphite 
deposits.  The  separate  influences  of  temperature,  pressure  and  inlet 
flow  ratios  of  hydrocarbon  to  boron  source  gases  on  the  ultimate 
concentration  have  been  determined.  In  addition,  the  influences  of 
temperature  and  pressure  on  deposition  rates  has  teen  determined. 

RECOMMENDATIONS 


The  results  of  these  studies  allow  selection  of  boron  trichloride 
concentration  for  incorporation  of  about  0.3$  to  1.0  percent  at 
deposition  temperatures  of  3640  and  3800°F.  Any  attempt  to  exceed 
the  percent  level  at  these  deposition  temperatures  is  not  advised, 
since  excessive  sooting  will  occur.  Boron  levels  in  excess  of 
1  percent  can,  however,  be  obtained  without  too  much  difficulty 
if  the  processing  temperature  is  reduced  to  3l50°F.  The  material 
deposited  at  this  lower  temperature  appears  to  be  "normal"  with 
respect  to  density  and  the  observed  microstructure.  At  3450°F. 
the  boron  incorporated  in  the  solid  can  be  varied  up  to  about  1.5 
percent.  Beyond  this  point  sooting  occurs  in  regime  B  and  results 
are  not  predictable  from  these  studies. 

A  temperature  of  3800°F.  with  pressures  of  3  MM  to  5  MM  would  appear 
to  be  the  best  deposition  conditions  for  obtaining  boron  levels 
below  0.5  percent.  The  meLiane  to  BCl,  flow  ratio  could  be  deter¬ 
mined  from  Figure  97*  An  alternate  method  for  obtaining  lower  boron 
levels  would  be  to  increase  the  deposition  temperature  but  this 
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approach  assumes  that  the  deposit  would  have  satisfactory  properties. 
With  this  approach,  a  0.2  percent  boron  content  might  be  obtained 
in  a  deposit  by  using  2^0/l,  3  MM  and  3900°F,  as  the  deposition 
conditions. 

It  must  be  emphasized  that  the  experiments  reported  here  were  for  a 
single  volumetric  flow  value  for  methane  and  this  parameter,  as  well 
as  temperature  and  pressure,  can  influence  the  boron  concentration 
in  the  solid.  However,  this  flew  is  representative  of  that  which 
would  be  used  for  a  piece  of  aerospace  hardware  such  as  the  frustums 
now  in  demand.  A  reasonable  change  in  methane  flow  is  not  likely 
to  change  the  general  nature  of  the  curves  but  could  have  a  profound 
influence  on  the  point  where  sooting  becomes  an  important  factor. 

The  deposition  assembly  design  is  also  an  important  factor.  For 
instance,  decreased  exhaust  stack  area  or  sudden  changes  in  flow 
direction  (for  example,  the  nP0°  change  in  direction  required  in 
reflex  flow  systems,  as  for  nose  cone  deposition)  might  cause  soot¬ 
ing  at  much  lower  boron  trichloride  flows  or  pressures  than  observed 
for  straight-through  flow  systems. 

The  calibration  curves  for  methane-to-beron  trichloride  flow  ratios 
versus  weight  percent  boron  in  the  solid  (Figure  9?)  might  need  to 
be  modified  for  other  assembly  designs  irf.  different  equipment 

B.  BORON  ALLOY— ASSAY  STUDIES  (Task  3^»7) 

According  to  the  Work  Statement,  "Newer  methods  of  boron  assay  will 
be  evaluated  for  use  with  boron-alloyed  pyrolytic  graphite.  These 
will  include  the  use  of  electron  beam  miereprobe  techniques  and 
X-ray  crystallite  parameters  of  fully-annealed  specimens," 

BACKGROUND 


During  the  early  part  of  this  manufacturing  development  program,  it 
was  found  that  a  critical  problem  was  the  inability  to  determine 
accurately,  reliably,  and  conveniently  the  concentration  of  boron  in 
the  deposits.  A  need  existed  to  investigate  possible  new  methods  of 
assay.  There  was  also  a  need  to  evaluate  the  actual  reproducibility 
of  the  methods  used  most  often  with  an  adequate  number  of  measure¬ 
ments  on  a  consistent  series  of  deposits.  These  studies  were  under¬ 
taken  as  a  subcontract  at  General  Electric  Company,  Re-Entry  Systems 
Department,  and  were  intended  to  provide  accurate  assays  of  the 
cylinders  produced  under  Task  3*^*6  at  the  Metallurgical  Products 
Department.  The  nose  cones  produced  under  Task  3*3  «7  were  also 
analyzed.  The  results  were  also  relevant  to  studies  of  grapnitiza- 
tion  at  the  Raytheon  Company  under  Task  3»^*1*5“>  In  all  of  these 
tasks,  boron  content  was  an  important  variable. 

In  general,  the  significance  of  boron  content  in  pyrolytic  graphite 
is  twofold.  It  has  a  direct  influence  on  certain  characteristics 
and  properties  of  the  deposit.  In  addition,  the  presence  of  boron 
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ir.  the  vapor  species  from  which  deposition  occurs  and  in  the  changing 
stricture  on  the  surface  immediately  after  deposition  influences  the 
characteristics  and  properties  of  the  carbon  which  is  produced. 

The  effect  of  boron  as  a  direct  (or  intrinsic)  material  variable 
results  primarily  from  its  ability  to  substitute  far  carbon  atoms 
in  the  graphite  lattice.  The  solubility  in  perfect  graphite 
(Ref.  ll)  varies  from  2.35  atomic  percent  at  2350°C,  which  is  close 
to  the  B^C  +  C  eutectic  at  2375°C  (Ref.  12)  to  1.0  atomic  percent 
at  1800°C.  The  lattice  is  expanded  slightly  in  the  plane  of  the 
atomic  layers  and  the  separation  between  planes  is  reduced  by  the 
addition  with  a  net  increase  in  lattice  volume .  In  graphite  formed 
by  solidification  frcm  the  melt,  boron  atoms  may  also  be  occluded 
between  the  layer  planes,  and  this  produces  a  thermally  unstable 
expansion  of  the  layer  separation  (Ref.  13).  It  is  possible  that 
both  substitutional  and  interlayer  boron  atoms  result  from  chemical 
vapor  deposition,  but  x-ray  measurements  of  layer  separation  are 
also  influenced  by  the  interlayer  expansion  due  to  misalignment  of 
successively  stacked,  parallel  planes,  so  that  the  position  of  the 
boron  has  not  been  completely  determined.  An  additional  source  of 
lattice  strain  due  to  boron  can  be  the  diffusion  of  boron  out  of 
the  lattice  at  high  temperatures  leaving  concentrations  of  lattice 
vacancies  (Ref.  14,  15,  16).  All  of  these  strain-producing  mecha¬ 
nisms  may  contribute  to  mechanical  hardening  of  graphite  containing 
boron,  as  a  result  of  heat  treatments. 


A  second  direct  effect  of  boron  is  its  influence  on  the  electronic 
band  structure  of  carbon  and  graphite.  Magnetic  susceptibility 
decreases  to  a  minimum  over  the  range  0.01  percent  boron  to  about 
0.2  percent  boron  due  to  a  decrease  in  the  Fermi  level  (Ref.  17,  18, 
19,  20).  As  a  consequence,  PG/BPG  thermocouples  can  be  made,  although 
the  effects  of  other  imperfections  in  graphite  on  the  electronic 
structure,  and  possibly  atmospheric  effects,  have  limited  their 
stability  range  to  about  2000°C.  (Ref.  19). 


The  most  important  influence  of  boron  in  pyrolytic  graphite,  however, 
is  the  lowering  of  the  temperature  range  for  annealing  due  to  graph¬ 
itization  (decreasing  layer  separation  by  orientation  of  parallel 
planes).  Several  studies  have  shown  the  effect  of  increasing  boron 
on  increasing  graphitization  at  constant  temperature  (Ref.  20,  21, 

22)  up  to  about  0.8  percent  boron.  High  temperature  tensile  tests 
also  indicate  that  boron  reduces  the  temperature  at  which  strain- 
induced  straightening  of  layers,  with  associated  graphitization, 
takes  place  (Ref.  23).  BPG  nose  cones  are  often  partially  annealed 
when  deposited  in  the  2000°-2100°  C.  range,  and  the  studies  at 
Raytheon  under  Task  3. 4. 1.5  were  based  on  an  attempt  to  utilize 
this  transformation  immediately  after  deposition  to  control  residual 
stress.  Consequently,  the  effect  of  boron  on  graphitization  may  be 
regarded  as  both  a  direct  influence  on  properties  (stability  during 
subsequent  heating)  and  an  indirect  or  process  variable  which  affects 
the  kind  of  material  produced. 


70 


The  composition  of  the  gas  stream  also  affects  the  structure  which 
is  deposited  in  certain  ranges  of  the  process  variables.  The  mechani¬ 
cal  and  thermal  properties  which  have  been  reported  for  BPG  (Ref.  23, 
24,  25  ,  26,  27,  28)  have  been  influenced  not  only  by  the  higher  de¬ 
gree  of  graphitization  in  many  deposits,  which  results  in  higher  pre¬ 
ferred  orientation  and  fewer  voids,  but  by  the  creation  of  many  small, 
uniformly  distributed  growth  cones.  Deposits  containing  the  "highly 
regenerative"  or  "fine-grain  continuously  nucleated"  stratigraphy 
have  a  lower  preferred  orientation  (for  the  sane  degree  of  annealing) 
and  consequently  have  higher  thermal  expansion  coefficients  in  the 
AB  plane  and  higher  strengths  in  shear  or  flexure.  Such  cones,  which 
are  nucleated  by  "whiskers"  growing  as  a  conical  spiral  (Ref,  29) 
appear  to  result  from  conditions  of  higher  pressure  which  are  not 
quite  sufficient  to  cause  extensive  gas-phase  nucleation  of  large 
soot  particles.  The  boron  content  in  the  gas  stream,  which  tends 
to  increase  the  deposition  rate,  can  Influence  the  creation  of  this 
structure,  which  has  a  significant  effect  on  properties;  however, 
it  does  not  occur  under  most  conditions  of  BPG  deposition  used  far 
nose  cones. 

The  significance  of  boron  content  in  pyrolytic  graphite  is  thus  a 
function  of  the  product  application  (whether  electronic  or  mechanical 
properties  are  of  interest)  and  of  the  conditions  of  deposition  which 
are  selected.  The  density  (in  terms  of  the  proportion  of  voids  and 
average  layer  separation),  the  preferred  orientation  of  atomic  planes, 
the  "degree  of  graphitization"  and  the  microstructural  aspects  of  the 
layer  stacking  are  the  principal  intrinsic  material  characteristics, 
as  they  are  in  all  pyrolytic  graphites.  The  significant  mechanical 
properties,  particularly  thermal  expansion  coefficients  in  the  two 
directions  and  the  elastic  constants,  are  a  function  of  these  charac¬ 
teristics  and  should  be  determined  directly  wherever  possible.  The 
boron  content  is  particularly  important  in  the  range  0.2  percent  to 
0.8  percent  where  it  affects  the  degree  of  graphitization  and  pre¬ 
ferred  orientation  of  as-deposited  material  and  will  influence  its 
stability  during  subsequent  heating. 

SURVEY  OF  ASSAY  TECHNIQUES 


The  principal  methods  for  boron  assay,  which  have  been  used  in  the 
past,  are  light  emission  spectroscopy  and  several  chemical  techniques. 
The  simplest  procedure,  weight  of  ash  after  oxidation,  has  usually 
produced  erratic  results,  due  primarily  to  uncontrolled  hydrolysis 
and  volatilization  of  the  oxide.  Fusion  in  sodium  carbonate  ted 
been  used  for  borides  (Ref.  30)  but  this  is  also  subject  to  losses 
of  the  sample.  A  mere  reliable  method  of  sample  preparation  had 
proved  to  be  pyrohydrolysis,  or  complete  volatilization  of  all  boric 
oxide  by  reaction  with  steam,  followed  by  condensation  and  dissolution 
of  the  vapor  in  a  closed  system  (Refs.  31  and  32).  Comparison  of 
this  latter  procedure  with  the  spectroscopic  methods  were  the  primary 
subject  of  the  experimental  studies. 
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In  addition,  the  available  information  about  several  other  techniques 
was  reviewed.  Methods  which  were  not  applicable  to  pyrolytic  graph¬ 
ite,  such  as  the  counting  of  etch  pits  in  annealed  single  crystals 
(Refs.  l4  and  16)  were  not  considered.  Following  are  brief  dis¬ 
cussions  of  these  other  techniques. 

Layer  Separation  After  a  Stabilization  Anneal.  The  subcontract 
work  at  the  Raytheon  Ccrapany  led  to  the  suggestion  that 
measurements  of  unit  cell  height,  Co,  (twice  the  average  layer 
separation)  would  provide  a  method  of  boron  assay.  Figure  102 
illustrates  the  data  reported  by  Raytheon,  including  the  results 
for  Task  3 *4. 1.5*  Additional  data  reported  by  Tcsnbrel  (Ref.  21) 
and  data  obtained  at  the  Re-Entry  Systems  Department  on  samples 
as-deposited  are  included  for  comparison. 

X-ray  diffraction  measurements  can  be  competitive  in  time  and 
cost  of  analysis  with  chemical  assay  methods  if  relatively 
simple,  calibrated  comparisons  are  used  instead  of  the  more 
elaborate  procedures  necessary  for  maximum  precision.  The 
Raytheon  method,  used  in  Task  3. 4.1.5,  is  similar  to  methods 
used  in  other  studies  of  graphitization.  (Ref.  33).  Pyrolytic 
graphite  powder  is  mixed  with  aluminum  powder  and  the  (004) 
diffraction  peak  is  compared  with  two  aluminum  lines  using  a 
57« 3  nmi  diameter  Debye-Scherrer  camera  with  cobalt  radiation. 

The  error  limit  of  0.01  Angstrom  at  the  Co  of  6.80  Angstrom, 
and  0.004  Angstrom  at  6.75  Angstrom,  corresponds  to  about  0.04 
percent  boron,  as  shown  in  Figure  102. 

The  method  thus  provides  a  means  of  comparing  the  boron  content 
in  the  range  (0.2$B  to  0.8$B)  which  is  relevant  to  the  effect 
on  kinetics  of  graphitization.  Measurements  of  lattice  para¬ 
meter  should  first  be  made  as  a  function  of  distance  across 
the  thickness  of  the  deposit  after  deposition  in  order  to 
determine  the  effects  of  time  at  deposition  temperature. 
Subsequent  measurements  after  annealing  for  about  20  hours  at 
2000°C.  indicate  the  relative  tendency  to  graphitize,  which  is 
a  function  of  boron  content,  provided  that  the  microstructural 
characteristics  which  affect  annealing  are  similar.  The  pro¬ 
cedure  is  a  measure  of  fundamental  characteristics  of  the 
material,  but  it  is  not  necessarily  a  boron  assay  method  of 
general  applicability. 

Fast  Neutron  Activation  Analysis.  In  April,  1965,  29  samples 
containing  0.2-1. 2  percent  boron  were  evaluated  by  triplicate 
determinations  at  the  General  Atomic  Division  of  General 
Dynamics  Corporation  for  the  Re-Entry  Systems  Department, 

General  Electric  Company  (Ref.  34).  Large  samples  (2  to  7 
grams)  were  required.  Each  specimen  was  irradiated  for  20 
seconds  in  a  14  Mev  neutron  flux  of  approximately  10°  n/cm^-sec 
during  each  determination.  After  a  10  second  delay,  the  11. 5 
and  9.2  Mev  Beta  activities  from  the  B^(n,p)  Be11  reaction  were 


measured  as  a  function  of  the  "boron  present  and  compared  with 
known  samples.  The  standard  deviation  estimated  from  counting 
statistics  was  ±0.04$  B  or  better  (maximum  spread  was  *0.08$  B)» 
However,  comparison  of  the  data  on  certain  samples  with  color- 
metric  analysis  of  oxidation  products  indicated  a  poor  carrela- 
tion  and  suggested  that  accuracy  might  be  poor. 

A  possible  soiree  of  absolute  error  in  this  method  is  variation 
in  the  boron  isotope  ratio  in  the  BClg  used  to  prepare  the 
boronated  pyrolytic  graphite.  If  this  procedure  were  to  be 
adopted,  a  portion  of  the  BCI3  from  each  cylinder  used  in 
depositions  would  have  to  be  retained  for  standardization. 

Other  difficulties  with  the  method  are  the  large  sample  size 
required  for  precision  and  the  fact  that  only  one  laboratory 
source  for  such  measurements  has  been  identified. 

Electron  Microbeam  Probe.  Although  precision  in  the  range  below 
1  percent  boron  was  questionable,  the  evaluation  of  feasibility 
of  this  device  for  assay  was  planned  as  part  of  the  task. 
Micropolished  samples  having  0,2  percent  to  about  1  percent 
boron,  assayed  by  pyrohydrolysis,  were  mounted  in  a  conducting 
medium  and  examined  by  tracing  the  specimen  current  and  elec¬ 
tron  backscatter  current  with  an  ARO  electron  probe.  It  was 
anticipated  that  differences  in  electrical  properties  in 
regions  containing  low  boron  might  be  observable.  However,  no 
such  differences  cculd  be  seen.  Slight  variations  in  specimen 
current  were  seen  where  large  differences  in  deposit  orienta¬ 
tion  occurred  (around  growth  cones)  and  de laminations  were 
detected.  Attempts  to  obtain  boron  assay  directly  were 
unsuccessful  due  to  repeated  failure  of  the  200  Angstrom  thick 
collodion  windows  which  are  required  for  low  element  analysis 
with  the  gas-flow  proportional  counters  used  for  analyzing 
the  X-ray  emission.  Such  difficulties  are  common  in  electron 
probe  work,  suggesting  that  this  device  has  limited  utility  far 
assay  at  the  present  time  (Ref.  35 )• 

Spark  Source  and  Laser-Probe  Mass  Spectrography,  Differences  in 
boron  content  in  different  regions  of  graphite  crystals  have 
been  reported  by  mass  spectrography  of  the  material  emitted  from 
a  spark  (Refs.  Ik  and  36)  and  the  laser  beam  probe  can  be  used 
in  a  similar  manner.  At  present,  however,  these  methods  should 
be  regarded  as  semi-quantitative  procedures  for  detecting 
differences  in  boron,  due  to  variability  in  the  amount  of 
material  removed.  Boron  content  might,  however,  be  compared 
to  the  amount  of  an  impurity  or  other  additive  if  this  were 
constant. 

Ion-Beam  Probe  Mas b  Spectrometry.  An  ion  microprobe  mss 
spectrometer  (Ref,  37)  has  recently  been  used  to  analyze 
trace  amounts  of  boron  in  silicon,  Si02,  and  many  other 
materials.  Graphite  has  also  been  analyzed  for  other  elements. 
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A  primary  ion  source,  usually  argon,  is  used  to  sputter  ions 
from  the  specimen  which  are  then  analyzed  by  a  high  resolu¬ 
tion  mass  spectrometer.  The  rate  of  sputtering  _s  controlled 
between  1  and  100  microns  per  hour  by  varying  beam  density, 
and  the  sputtered  area  can  be  varied  between  0.1  mm^  and 
75  mm.  .  This  instrument  should  be  considered  in  future 
studies  where  gradients  in  boron  content  through  the  thick¬ 
ness  in  specific  regions  of  a  graded  deposit  must  be  evaluated, 
since  it  appears  at  present  to  be  the  most  promising  of  the 
microprobe  techniques  for  boron  assay.  lack  of  availability 
of  the  instrument  may  be  a  deterrent  to  its  use  for  routine 
assay,  however,  for  sctne  time  to  ccme. 

EXPERIMENTAL  PROCEDURES  AND  RESULTS 


Sample  Preparation.  Since  a  primary  objective  of  this  task  was 
to  obtain  reliable boron  assays  of  the  cylinders  produced  in 
Task  3*4.6,  these  cylinders  were  used  in  most  of  the  compari¬ 
sons.  As  a  standard  procedure,  1.5-inch  rings  were  cut  from 
positions  4  inches  and  12  inches  from  the  bottom  of  the  tube. 
After  measurements  of  residual  stress,  density  and  micro¬ 
structure  at  G.E.,  Metallurgical  Products  Department,  the 
rings  were  shipped  to  Re-Entry  Systems  Department  for  analysis. 

A  1-inch  to  2- inch  long  section  was  removed,  the  substrate 
surface  was  separated  by  cleaving  or  by  polishing,  and  powder 
was  obtained  from  the  remainder  by  filing.  Large  flakes  were 
eliminated  from  this  powder  by  passing  it  through  a  200  mesh 
screen. 

Additional  stock  samples,  prepared  in  the  same  manner,  were 
obtained  from  rings  cut  from  2-1/2  inch  diameter  tubes  de¬ 
posited  at  G.E.,  Re-Entry  Systems  Department  and  from  a 
plate  deposit  prepared  at  the  Metallurgical  Products  Depart¬ 
ment.  The  former  deposits  were  made  at  2100°C,  3  mm  Hg.  pres¬ 
sure  for  5  hours.  One,  deposited  from  a  l/lOOO  ratio  of  BC1,/CH^ 
was  0.03-inch  thick;  the  other,  deposited  from  a  1/250  ratio, 
was  0.06- inch  thick.  The  plate  had  been  made  at  l800°C,  2  mm  Hg 
pressure,  from  a  l/70  ratio  over  a  70  hour  period  and  was 
O.U-inch  thick;  this  material,  unlike  all  of  the  others 
examined,  had  regions  of  large  fiber-nucleated  growth  cones 
originating  from  specific  layers  in  the  cross  section.  Three 
regions  were  analyzed. 

All  of  the  samples  described  above  were  prepared  as  5  gram 
blends  of  the  powder.  Samples  of  each  lot  of  powder  were  then 
removed  for  comparative  analysis.  In  addition,  a  limited 
number  of  comparative  analyses  by  a  procedure  utilizing  small 
specimens  were  made  from  deposits  prepared  in  Task  3,3.7 
(nose  cone  configurations). 

Impurities.  In  order  to  insure  that  impurities  did  not  inter¬ 
fere  with  the  analysis,  three  samples  (Task  3,4.6  deposits 
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8044-IB  and  8044-23  and  D)  were  examined  by  qualitative  spectro¬ 
scopic  analysis.  In  addition  to  baron,  the  following  were 
found  in  all  three: 

0.001-0.01$:  Sn 
0.0001-0.001$:  Mg,  Si,  Fe,  Cu 

<0.0001$:  Al,  Cr,  Jfa,  Ag,  Pb,  Ca 

The  following  elements  were  not  detected;  Li,  Be,  Ha,  K,  Ti, 

V,  Co,  Ni,  Zn,  Ga,  Ge,  As,  Hb,  Sr,  Zr,  Kb,  Mo,  Ru,  Rh,  Pd, 

Cd,  In,  Sb,  Te,  Cs,  Ba,  Hf,  Ta,  W,  Re,  Os,  Ir,  Pt,  Au,  Hg, 

Tl,  Bi,  P.  Curing  oxidation  yellow  and  white  cotides  formed 
on  the  surface,  but  these  were  the  result  of  some  residual 
mounting  compound  (a  Fb-Sn-Bi-Cd  alloy)  which  had  adhered  to 
the  last-deposited  surface  after  the  cylinders  were  sectioned. 

Fyrohydrolysis  and  Titration  of  Large  Samples.  Procedures 
developed  at  the  Aerospace  Corporation  (Ref. ."32)  similar  to 
those  used  for  the  analysis  of  borides  (Ref.  31)  had  shown 
excellent  reproducibility  in  duplicate  determinations  (Ref.  38). 
In  the  studies  conducted  here,  a  1  to  l-l/2  gram  sample  of 
powder  was  reacted  at  1150°C  in  a  fused  silica  tube  with  02 
saturated  with  HgO,  and  the  evolved  gases  were  passed  through 
an  all-silica  system  into  300  ml  of  distilled  water.  It  was 
found  that  1  hour  was  required  for  complete  reaction  at  this 
temperature.  To  decrease  the  time  and  cost  of  analysis,  the 
temperature  was  increased  to  1200°C  and  time  reduced  to  25 
minutes  when  small  (0.1  gram)  samples  were  analyzed  by  color¬ 
imetry  (as  described  later).  This  procedure  was  successful, 
although  it  was  found  that  the  furnace  must  be  maintained  at 
temperature  continuously,  since  the  tubes  always  cracked  on 
cooling  from  1200°C. 

The  large  sample  analysis  was  found  to  be  the  most  reliable 
method  of  analyzing  the  deposits  from  Task  3 .4.6,  since  good 
reproducibility  was  obtained.  After  boiling  the  boric  acid 
solution  to  remove  C0g,  the  percent  boron  was  obtained  by 
titration  with  a  standardized  NaOH  solution.  Duplicate 
determinations  on  sixteen  collections  of  powder  from  3*4.6 
deposits  showed  the  following  results: 

Difference  between  2  values 

wt.  percent  B:  0.00  0.01  0.02  0.03  0.05  0.10 

Humber  of  samples 

with  this  difference:  265111 

Of  these,  the  two  deposits  having  0.05  or  0.1  percent  differ¬ 
ences  had  been  prepared  from  relatively  small,  samples,  in  which 
only  4  or  5  mg  of  boron  were  available.  In  previous  studies, 
differences  of  0.05  to  0.11  wt.  percent  B  between  duplicate 
samples  had  been  observed  when  less  than  3  to  5  mg  of  boron 
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were  in  the  solution.  Consequently,  the  present  results  con¬ 
firmed  that  reproducibility  was  good  only  when  the  sample  size 
is  relatively  large.  Although  this  was  the  case  for  the  3.4.6 
series,  some  effort  was  devoted  to  procedures  for  small  sample  . 

analysis,  of  importance  in  the  assay  of  most  aerospace  hardware 
deposits . 

Emission  Spectroscopy  with  External  Standards.  Many  past 
determinations  had  involved  comparison  of  the  intensities  of 
two  spectral  emission  lines  from  boron-alloyed  pyrolytic 
graphite  with  those  of  a  series  of  standards  exposed  on  the 
same  photographic  plate.  Usually  two  samples  were  "shot"  by 
consumption  in  the  arc,  and  a  single  set  of  standards  was  used. 

In  the  present  study,  the  "stock"  samples  were  compared  with 

two  sets  of  standards,  using  the  same  photographic  plate  to 

record  all  spectra.  Two  0.004  gram  samples  of  each  unknown 

were  obtained  from  the  same  powder  filings  used  for  pyro- 

hydrolysis.  The  standards  were  obtained  from  0.150  g  batches 

of  -200  mesh  pyrolytic  graphite  filings  mixed  with  boron 

powder  in  a  "Wig-L-Bug"  for  30  one-minute  cycles.  Samples  of 

0.5,  2.0,  and  8.0  wt.  percent  mixtures  were  "shot"  in  0.004 

gram  amounts,  and  0.002  gram  samples  of  the  same  mixtures  were 

burned  to  provide  standard  line  intensities  for  0.25,  1.0  and 

4.0  wt.  percent  B  compositions.  • 

* 

Reading  the  line  intensities  themselves  was  not  a  significant 
source  of  error.  Repeated  measurements  with  a  microphotometer, 
which  was  calibrated  soon  after  the  measurements,  showed  that 
985k  of  readings  were  within  il(f>  of  the  average  transmittance, 
corresponding  to  less  than  0.05  percent  at  the  1$  B  level. 

A  principal  source  of  error  results  from  inadequate  repro¬ 
ducibility  of  shots  on  the  standard  powder  mixtures.  Table 
XVIII  illustrates  percent  transmittance  readings  of  the  dupli¬ 
cate  standard  samples  exposed  on  the  plate.  Possible  reasons 
far  the  difference  in  line  intensities  between  samples  from 
the  same  powder  mixture  are  insufficient  mixing,  variations 
in  weight  of  specimens  in  the  graphite  cup  of  the  electrode, 
or  non-reproducible  events  within  the  arc  itself.  The  latter 
possibility  may  have  been  responsible  for  difficulties  with 
the  spectrochemical  determination  of  boron  in  graphite  re¬ 
ported  by  Feldman  and  Ellenburg  (Ref.  39)  who  concluded  that 
boron  carbide  failed  to  volatilize  completely,  even  when 
finely  divided.  Although  boron  rather  than  carbide  powder  was 
used  for  just  this  reason,  reactions  and  interactions  within 
the  arc  may  have  affected  the  results. 

The  average  of  the  two  readings  for  each  composition  in  Table 
XVIII  was  used  in  constructing  a  calibration  curve  for  each  of 
the  two  lines.  The  line  intensities  of  the  unknowns  were 
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compared  with  these  curves  and  the  results  were  reported  as 
the  boron  assay.  Since  human  Judgment  is  required  in  such  a 
procedure,  the  process  of  reading,  plotting  the  curve  and  making 
the  comparison  was  repeated  three  times  for  the  "stock**  samples 
in  order  to  assess  the  reproducibility  of  this  phase  of  the 
analysis.  The  results,  shown  in  Table  XIX,  indicate  that  the 
human  error  can  contribute  significantly  to  the  lack  of  repro¬ 
ducibility  of  the  methods;  repeated  measurement,  which  can 
reduce  this  cause  of  variability,  adds  to  the  time  and  cost 
of  the  assay. 

In  addition  to  the  variability  inherent  in  the  s emiqu&nt itat i ve 
spectroscopic  method,  an  error  resulted  from  an  attempt  to 
extrapolate  the  calibration  curve  to  compositions  below 
0,25  vt.  percent  B»  Thus,  it  was  reported  that  sample  2-48 
in  Table  XIX  contained  0.18  vt.  percent  B  (or  0.15  vt.  percent 
B  in  a  previous  determination)  although  the  true  analysis  by 
both  pyrohydrolysis  and  spectroscopy  using  an  internal  standard 
was  0.06  wt.  percent  baron. 

Because  of  these  results,  use  of  this  spectrochemical  procedure 
was  abandoned  for  any  precise  determination  of  boron  in  pyro¬ 
lytic  graphite.  Previous  analyses  obtained  in  this  manner 
may  be  in  error  by  0.1-0. 2  wt.  percent  boron. 

Baission  Spectroscopy  with  an  Internal  Standard.  The  procedure 
developed  by  G,M.  Bonini  in  the  testing  laboratory  of  the 
Jarrell-Ash  Corporation  (Ref.  4o)  had  been  used  for  many  pre¬ 
vious  determinations  of  boron  in  pyrolytic  graphite.  Of  the 
first  nine  samples  from  Task  3.4.6  which  were  submitted,  eight 
agreed  within  0.03  vt.  percent  boron  with  results  of  pyro¬ 
hydrolysis.  Consequently,  all  Task  3»^»&  deposits  were  ana¬ 
lyzed  in  this  way,  in  addition  to  the  "stock"  samples.  A 
portion  of  each  batch  of  filings  used  in  pyrohydrolysis  (0.1  g 
or  mare)  was  shipped  in  bottles  to  Jarrell-Ash.  In  several 
cases,  samples  of  the  same  powder  were  shipped  separately  with 
separate  identification. 

Results  of  the  comparisons  with  pyrohydrolysis  are  presented 
in  Table  XX.  A  0.01  gm  a  ample  was  diluted  with  SP-2  graphite 
powder  in  1:9  ratio  and  mixed  vith  0.05  gm  SnOg.  From  this 
mixture  four  0.01  gm  samples  were  "shot."  In  some  cases,  the 
average  of  these  four  determinations  differed  significantly 
from  results  of  pyrohydrolysis,  so  a  second  portion  of  the 
powder  was  mixed  with  SnOp  and  the  process  was  repeated.  These 
second  determinations  of  the  powder  in  the  bottle  differed 
significantly  from  the  first  (indicated  by  brackets  in  Table  XX). 
In  some  cases,  the  samples  of  the  same  deposits  which  were 
delivered  separately  agreed  with  each  other,  and  in  seme  cases 
they  did  not.  In  the  final  series  of  samples  submitted  to 
Jarrell-Ash,  the  samples  in  the  bottles  were  mixed  in  their 
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entirety  with  SnOg  in  order  to  eliminate  any  tie-mixing  in  the 
bottle  during  transit.  However,  these  results  (shown  in  Table 
XX  as  photographic  plates  k  through  q)  did  not  show  any  dif¬ 
ference  in  the  variability. 

The  origin  of  this  variability  was  not  identified.  As  shown  by 
the  data,  there  were  no  consistent  trends  and  no  step  in  the 
procedure,  either  at  Jarre  11- Ash  or  at  the  Spacecraft  Depart¬ 
ment  of  General  Electric,  where  the  samples  were  prepared, 
could  be  identified  as  a  source  of  error.  The  scatter  in  data 
compared  with  the  large  sample  analysis  by  pyrohydrolysis  is 
illustrated  in  Figure  103 •  Each  point  represents  the  average 
of  four  separate  spectroscopic  samples  from  the  same  powder 
batch,  and  an  even  wider  distribution  is  obtained  when  all  of 
the  data  points  in  Table  XX  are  compared.  Since  powder  mix¬ 
tures  were  used,  variations  with  location  in  the  deposit  itself 
must  be  large  to  explain  the  results,  and  the  very  finely  dis¬ 
persed  location  of  the  boron  and  similarity  of  densities  with 
small  boron  variations  should  eliminate  the  possibility  of 
powder  segregation  as  the  cause. 


The 
pyro¬ 
hydrolysis  is  based  on  the  colormetric  method  developed  by 
Bast or  and  Bode  using  monomethylthionine  ("Azure  C")  (Ref.  4l,42). 


Pyrohydrolysis  of  Small  Samples  and  Spectrophotometry. 
procedure  developed  for  small  sample  analysis  following 


This  is  one  of  the  more  sensitive  of  a  wide  variety  of  re¬ 
agents  which  can  be  used,  including  "Curcurmin"  (Ref,  43), 
"Methylene  Blue"  (Ref.  44)  and  1,1' -bis ( 6-chlor oanthraqulnonyl ) 
amine  (Ref.  45).  The  method  described  here  was  developed  for 


the  comparative  analyses  of  later  samples  from  GE,  Metallurgical 


Products  Department,  in  this  contract. 


In  each  amlysir,,  a  0.1000  gram  sample  was  weighed  into  platinum 
boats.  These  were  then  supported  on  "Vitreosil"  (fused  silica) 
boats  and  pushed  into  the  heated  region  of  the  fused  silica 
system.  The  samples  were  allowed  to  react  for  25  minutes  at 
1200°C  while  oxygen  was  passed  through  water  in  a  steam  flask 
at  45  ml  per  minute;  the  steam  flow  rate  was  2  to  3  ml  per 
minute.  The  condensate  was  collected  at  the  end  of  the  fused 
silica  system  in  a  plastic  beaker  which  was  supported  in  an 
ice  bath.  For  efficient  trapping  of  the  condensate,  25  ml  of 
distilled  water  was  added  to  the  beaker  before  pyrohydrolysis. 


The  condensate  was  diluted  to  100  ml  volume  and  transferred  to 
a  plastic  bottle,  A  10  ml  volume  of  hydrofluoric  acid  solu+ion 
(40:100)  was  added  to  the  condensate  and  the  solution  was 
allowed  to  stand  for  at  least  18-24  hours.  A  10  ml  aliquot  was 
transferred  to  a  250  ml  plastic  bottle,  and  the  pH  was  adjusted 
to  the  range  2. 8-3.2  using  NaOH  solution  (100  gm/liter)  and  pH 
paper.  After  pH  adjustment  the  sample  was  diluted  to  50  ml 
volume,  and  the  following  additions  were  made: 
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5  ml  of  0.01  molar  solution  of  monomethylthionine  (Azure  C)  and 
25  ml  of  a  mixture  of  dichlcroethans  and  chloroform  (75525). 

The  bottle  was  tightly  capped  and  the  solution  vas  shaken  for 
one  minute.  The  two  layers  were  allowed  to  separate  and  a 
portion  cf  the  organic  layer  on  the  bottom  was  transferred  to  a 
I-cm  cell  of  a  Beckman  DK-1  spectrophotometer.  The  trans¬ 
mittance  of  the  solution  in  the  cell  at  638  millimicrons  was 
than  read;  the  instrument  was  nulled  using  a  reagent  blank 
solution.  The  standard  curve  shown  in  Figure  101  was  prepared 
using  aliquots  of  standard  boric  acid  solution  (10  mlcrograms/ml 
of  boron)  which  had  been  carried  through  the  entire  procedure. 
The  standard  curve  covered  the  0  to  100  microgram  range  (0.1  wt. 
percent  to  1.0  wt.  percent  B).  The  sampler  which  were  expected 
to  have  more  than  1  wt.  percent  boron  were  diluted  by  twice  the 
amount  of  the  others. 

It  was  necessary  to  run  a  set  of  standards  with  every  set  of 
samples.  The  formation  of  the  HBIfy  complex  is  slow  and  does 
not  reach  completion  for  about  100  hours.  The  time  interval 
in  which  the  hydrofluoric  acid  is  reacting  with  the  boron 
must  be  the  same  far  both  samples  and  standards. 

Table  XXI  presents  results  of  a  comparison  of  three  separate 
pyr ohydrolys is  and  photometric  determinations  on  each  of  several 
samples  which  were  also  analyzed  by  the  large  sample  pyro- 
hydrolysis  technique  used  for  the  assays  in  Table  XX.  The 
variability  is  intermediate  between  the  large  sample  analyses 
and  the  spectroscopic  results.  Table  XXH  shows  a  similar 
comparison  on  samples  which  had  been  previously  assayed  by 
single  analyses  in  the  Task  3«3»7  series.  These  results 
suggest  a  trend  of  decreasing  reproducibility  with  decreasing 
sasple  size  (from  1  g  to  0.1  g  to  0.01  g)  regardless  of  the 
method  used.  However,  the  accuracy  is  sufficient  for  deter¬ 
mination  in  the  range  of  borcn  contents  relevant  to  the 
annealing  behavior  of  pyrolytic  graphite. 

SIMMABY  AND  CONCLUSIONS 


The  most  reliable  and  reproducible  procedure  for  analysis  of 
boron  in  pyrolytic  graphite,  based  on  the  results  of  this  Btudy,  is 
pyrohydrolysis  of  a  large  sample,  dissolution  of  the  condensate, 
removal  of  COg  and  titration  of  the  boric  acid.  The  sample  should 
contain  at  least  h  mg  of  boron  for  reproducibility  within  *0.2 
percent  boron,  or  about  1  gram  of  powder.  This  technique  has  pro¬ 
vided  reproducible  assays  of  the  boron  in  the  deposits  produced  in 
Task  3.^*6. 

When  only  small  samples  (about  0.1  gram)  are  available,  care¬ 
ful  calibration  and  repetitive  analysis  is  necessary.  The  methods 
studied  here,  in  order  of  decreasing  reproducibility,  are  as  follows: 

l)  Pyrohydrolysis,  reaction  of  dissolved  oxide  with  HF  for 
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a  period  of  several  days,  reaction  of  the  HBF^  with  Azure  C, 
and  comparison  of  the  color  with  those  of  standards  pre¬ 
pared  under  identical  conditions  by  spectrophotometry. 

2)  Litght  emission  spectroscopy  using  an  internal  standard. 

3)  Light  emission  spectroscopy  and  comparison  with  standard 
mixtures. 

Since  many  past  analyses  of  pyrolytic  graphite  have  been  based  on  only 
one  or  a  few  determinations  by  spectroscopic  techniques,  these  may 
have  been  in  error  by  as  much  as  20  to  30  percent. 

The  low  precision,  seal!  sample  methods  for  boron  assay  nay  be 
adequate  where  only  a  check  on  the  approximate  amount  of  boron  is 
sufficient  for  process  control.  Once  a  reproducible  manufacturing 
procedure  is  established,  boron  has  importance  primarily  as  it 
affects  degree  of  graphitization  during  the  deposition  heat  treat¬ 
ment  and  during  subsequent  heating  in  service.  The  direct  deter¬ 
mination  of  the  change  in  CQ  by  X-ray  diffraction,  which  is  a  "small 
sample"  technique,  may  be  more  meaningful  than  boron  assay  under 
these  circumstances.  In  general,  boron  content,  is  not,  as  far  as 
is  known  at  present,  a  fundamental  material  variable  which  deter¬ 
mines  the  properties  of  pyrolytic  graphite;  it  is  an  important 
process  parameter  which  affects  the  structure  of  the  material,  and 
hence  the  properties  Indirectly.  Consequently,  the  effort  devoted 
to  boron  assay  should  be  balanced  with  an  erppropriate  effort  on 
characterizing  the  structure  of  the  material  by  X-ray  diffraction 
and  microscopy. 

RECQMMEMDATIOWS 

Future  boron  assays  of  small  samples  by  pyrohydrolysis  and 
spectrophotometry  should  include  sufficient  standardization  and 
multiple  analyses  which  will  establish  further  the  reproducibility 
of  this  procedure.  Spectroscopic  analysis  with  an  internal  standard 
is  probably  adequate  for  a  general  check  on  approximate  boron  level 
and  is  the  most  economical  procedure  encountered  in  this  study. 
.Vyrohydrolysis  and  titration,  which  takes  about  1  man  hour  per 
sample  longer  than  the  small  sample  method,  should  always  be  used 
where  accuracy  is  required  and  where  there  is  sufficient  homogenous 
material  for  the  method. 

The  series  of  deposits  produced  in  Task  3.^.6.  should  be  care¬ 
fully  saved,  since  they  have  been  partially  characterized  and  their 
process  conditions  are  well  documented.  Since  property  data  on 
pyrolytic  graphite  of  the  type  produced  in  nose  cones  is  inadequate 
at  present,  the  following  measurements  on  selected  samples  could 
provide  information  necessary  for  the  accurate  prediction  of  thermal 
stresses : 

l)  Thermal  expansion  coefficients  (AB  and  C  directions). 
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2)  Tensile  elastic  modulus  and  Poisson's  ratio  (AB  plana, 
parallel  to  cylinder  axis)® 

3)  Adiabatic  elastic  constants  (from  sound  velocity  and 
density)  through  the  thickness® 

4}  Tensile  or  flexure  strength  (AB  plane  and  C  direction 
by  bonding  to  blocks). 

5)  CD  on  first  and  last  deposits  before  and  after  heat 
treatment  at  2000°C. 

6)  Change  in  dimensions,  density,  and  CQ  as  a  function  of 
time  at  24C0-2800°C. 

C.  GRAPgPnZATION  STUDIES  (Task  3.4. 1.5) 

According  to  the  Work  Statement,  "Controlled  grapkiiizoticn  will  be 
evaluated  as  a  technique  for  reducing  the  levels  of  residual  stress 
in  deposits  of  boron-alloyed  pyrolytic  graphite.  Boron  levels  and 
annealing  times  and  temperatures  are  variables  to  be  investigated." 

This  work  was  carried  out  on  a  subcontract  at  Raytheon  Company, 

Waltham,  Massachusetts. 

BACKGROUND 

Residual  stress  limits  the  manufacture  of  boron  pyrolytic  graphite 
(BFG)  Closed-shape  deposits  which  have  a  thickne s s -t o-radius  ratio 
(t/r)  greater  than  about  0.1.  A  number  of  advances  in  the  under¬ 
standing  of  residual  stress  have  been  made  over  the  past  few  years. 

The  theory  and  equations  (Ref.  bC,  bj  and  48)  for  predicting  the 
tangential,  axial,  and  radial  residual  stress  behavior  of  cylindri¬ 
cal,  thin- she 11  deposits  of  anisotropic  materials  have  been  fairly 
veil  worked  out.  However,  theory  and  experimental  results  have  not 
always  been  found  to  be  in  agreement. 

The  disagreement  between  measured  residual  stress  values  and  values 
calculated  from  theory  have  been  accounted  for  on  the  basis  of  growth* 
stresses  (Refs.  49  and  50)  and  secondary  anisotropy  (Ref.  51)* 

According  to  the  growth  stress  concept,  BPG  is  considered  to  be 
deposited  in  thin  layers  which  are  laid  down  stress  free  at  the 
deposition  temperature.  Growth  in  the  layers  is  time  dependent  and 
the  rate  of  growth  is  a  nonlinear  function  of  time.  This  means  that 
growth  in  a  particular  layer  is  partially  inhibited  by  adjacent 
layers  which  results  in  a  bi-axial  stress  condition  established 
between  layers.  If  a  flexible  mandrel  is  used,  the  layers  deposited 
on  the  mandrel  surface  grow  to  a  greater  extent  than  the  last  de¬ 
posited  layers  on  the  i.d.  surface.  In  this  manner,  a  differential 
in  growth  occurs  in  the  layers  across  the  thickness  of  a  deposit. 

Upon  coolirg  to  room  temperature .  residual  stresses  arise  in  the 
cylindrical  deposit  due  to  the  primary  anisotropy.  According  to 
*  As  used  here,  growth  refers  to  an  increase  in  dimension  in  the  a-di- 

rection  and  a  decrease  in  dimension  in  the  c -direct ion  during  deposition. 
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this  concept,  growth  stresses  have  partially  offset  the  residual 
stresses  due  to  primary  anisotropy,  and  they  cause  the  difference 
between  the  measured  residual  stress  and  the  residual  stress  cal¬ 
culated  from  theory. 

The  secondary  anisotropy  concept  considers  that  there  are  micro¬ 
structure  variations  through  the  thickness  which  cause  variations  in 
material  properties,  particularly  coefficients  of  thermal  expansion. 
Variation  in  thermal  expansion  across  the  thickness  causes  the  cool¬ 
down  stresses  to  be  different  from  what  would  be  calculated  on  the 
basis  of  constant  thermal  expansion  across  the  thickness.  Besides 
microatructure  variations,  a  gradient  in  the  degree  of  graphltiza- 
tion  can  also  cause  property  variation  to  occur  across  the  thickness 
of  a  deposit. 

Some  insight  into  the  structural  features  associated  with  growth  and 
secondary  anisotropy  in  EPG  was  evolved  from  earlier  tasks  in  this 
contract.  It  had  been  found  that  the  degree  of  graphitization  for 
BPG,  as  measured  by  the  unit  cell  height  parameter,  C0,  was  both 
temperature  and  time  dependent  as  well  as  dependent  upon  the  boron 
level.  For  deposits  made  under  similar  conditions,  the  degree  of 
graphitization  was  found  to  show  a  maximum  at  approximately  0.8 
percent  boron.  Other  investigators  (Refs.  52  and  53)  had  reported 
that  the  properties  of  plate  stock  BPG,  such  as  coefficient  of  thermal 
expansion,  modulus,  thermal  conductivity,  etc.,  showed  maximum  or 
minimum  values  as  a  function  of  boron  near  this  same  boron  level. 

It  would  seem  possible,  therefore,  that  growth  and  secondary  anisotro¬ 
py,  both  of  which  are  related  to  the  degree  of  graphitization,  could 
be  used  to  improve  the  structural  soundness  of  BPG  closed-shaped 
deposits  by  controlling  the  degree  of  graphitization  across  the  thick¬ 
ness. 

It  was  known  that  boron  atoms  could  enter  the  graphite  lattice  in 
polycrystalline  graphite  (Ref.  54  and  55)  or  in  graphite  single 
crystals  (Ref.  56,  57  and  58)  by  either  substituting  for  carbon  at 
the  trigonal  sites  or  as  Interstitials  in  the  lattice.  The  presence 
of  boron  accelerates  the  graphitization  of  boron  pyrolytic  graphite 
(Ref.  59  and  60)  and  bodies  made  from  coal  tar  and  coke  (Ref,  54  and 
6l)  doped  with  boron.  The  mechanism  by  which  substituted  and  inter¬ 
stitial  boron  atoms  affect  graphitization,  however,  was  not  well 
understood,  nor  had  the  effect  of  time  and  temperature  on  graphitiza¬ 
tion  been  clearly  established.  The  separate  effects  of  boron  atoms 
and  of  the  degree  of  graphitization  on  the  properties  of  boron 
pyrolytic  graphite,  likewise,  had  not  been  clearly  established.  Both 
the  presence  of  boron  atoms  and  the  increase  in  degree  of  graphitiza¬ 
tion  also  contribute  to  the  electrical  and  thermal  conductivity 
behavior  of  boron  pyrolytic  graphite  (Ref.  62)  at  very  low  (0.1  weight 
percent)  boron  levels,  it  is  the  boron  atoms  which  have  the  strongest 
influence  on  these  properties. 


In  the  previews  subcontract  work  at  Raytheon,  it  had  been  concluded 
that  the  following  factors  would  need  to  be  considered  in  any  compre¬ 
hensive  program  aimed  at  evaluating  the  effect  of  graphitization  on 
the  mechanical  soundness  of  boron-alloyed  pyrolytic  graphite  cylin¬ 
drical  deposits: 

1)  Degree  of  graphitization. 

2)  Rate  of  graphitization. 

3)  Dimensional  changes  (growth  in  the  a-direction 
and  shrinkage  in  the  c-direction). 

4)  How  factors  1,  2  and  3  above  affect  the  modulus, 
Poisson's  ratio,  and  coefficient  of  thermal 
expansion  in  the  a-  and  c-directions. 

EXPERIMENTAL  CONDITIONS  SELECTED 

The  work  planned  far  this  task  was  divided  into  three  phases: 

Phase  1.  Deposit  six  cylinders  (four  constant  boron  level 
deposits  and  two  graded  boron  deposits  and 
characterize  the  properties  of  the  deposits. 

Fhaee  2.  Anneal  free  and  restrained  ring’s  cut  from  the 

above  six  deposits  and  characterize  the  properties 
of  the  annealed  rings. 

Phase  3*  Evaluate  data  from  Phases  1  and  2  and  deposit 
cylinders  with  a  t/r  of  approximately  0.1  and 
a  cylinder  with  a  t/r  of  approximately  0.2. 

The  mandrel  assembly  and  the  procedure  used  to  deposit  the  cylinders 
were  the  same  as  employed  by  Raytheon  in  Tasks  3. 4. 1.1.  to  3. 4. 1.3. 
Boron  trichloride  was  used  as  the  source  of  boron.  A  through-flow 
system  without  baffling  was  used  in  making  all  of  the  deposits.  As 
before,  the  cylinders  were  deposited  inside  graphite  mandrels  which 
were  3  inches  in  diameter  and  9  inches  in  length. 

The  C0  lattice  spacing a  were  obtained  from  powder  diffraction  patterns 
with  a  57.3  nna  diameter  Debye-Scherrer  camera  using  cobalt  radiation. 
Aluminum  powder  was  used  as  an  internal  standard.  Good  quality  film 
patterns  were  obtained  with  (typically)  3-hour  exposures.  In  the 
combined  pattern,  the  graphite  (004)  line  was  bracketed  by  the  (200) 
and  (220)  aluminum  reflections.  These  latter  reflections  were  used 
to  determine  the  angular  corrections  which  were  applied  to  the  (004) 
graphite  line.  The  error  limit  in  measuring  C0  values  was  about 
0.01  X  for  C0  values  of  the  order  of  6.8  A,  at  6.75  A  the  error  limit 
was  about  0.004  X  . 
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JESUITS 


Phase  1  (Deposits) 

Processing  characteristics  for  cylinders  deposited  in  Phase  1  are 
given  in  Table  XXm«  These  cylinders  vere  all  deposited  nominally 
at  2000°C,  at  a  pressure  of  15  torr,  and,  except  for  GEDC-IR,  vere 
deposited  over  a  4-  to  6-hour  time  period. 

With  the  exception  of  cylinder  GEDC-IR  which  terminated  prematurely 
due  to  equipment  failure  and  cylinder  GEDC-2R  which  cracked  due  to  a 
high  t/r  (0.07)  all  cylinders  under  this  task  vere  satisfactory  for 
property  measurements .  Typical  microstructures  of  these  deposits 
are  shown  in  Figure  105. 

Six  rings,  l/2  inch  in  width,  were  carefully  cut  from  the  central 
1-inch  section  of  each  cylinder.  Two  rings  from  near  the  base  vere 
annealed  for  5  hours  and  two  rings  from  near  the  top  were  annealed  for 
15  hours.  One  ring  from  the  center  was  used  to  obtain  property  meas¬ 
urements  (Table  XXIV )  and  the  other  ring  from  the  center  was  used  for 
boron  assay.  Samples  for  boron  assay  (Table  XXIII )  were  taken  from 
regions  approximately  20  mils  in  from  the  substrate  (o.d.)  and  the 
deposition  (i.d.)  surfaces.  An  analysis  and  comparison  of  the 
property  data  for  the  as-deposited  material  with  the  annealed  ma¬ 
terial  are  given  in  the  next  section. 

Phase  2  (Annealing  Tests  and  Results) 

Property  measurements  on  rings  annealed  at  2000 °0  for  5  and  15  hours 
are  given  in  Tables  XXV  and  XXVI.  It  was  originally  planned  to 
make  the  annealing  tests  at  10  and  20  hours;  however,  this  was 
modified  in  favor  of  the  5-  a-ncl  15-hour  annealing  schedule  so  that 
the  data  would  he  more  compatible  with  the  expected  deposition  times 
required  to  deposit  cylinders  with  t/r  values  of  about  0.1  and  0.2 

A  number  of  generalizations  were  made  by  comparing  these  data  with 
the  property  data  for  the  as-deposited  materials  given  in  Table  XXIV. 
These  generalizations  are  as  follows: 

1.  The  modulus  increased  with  boron  level  and  annealing,  the 
largest  increase  occurring  after  the  5 -hour  anneal.  For 
example,  the  0.13  percent .b or cn  deposit  (GEDC-4R)  had  values 
of  4.4,  6.0,  and  6.9  X  10°  psi  respectively  for  the  as- 
deposited,  5 -hour  annealed,  and  15-hour  annealed  specimens. 
Comparable  values  for  the  0.74  percent  boron  deposit  (GEDC-5R) 
were  J.6,  9*5  and  10.2  X  10°  psi. 

•  There  did  net  appear  to  be  any  clear-cut,  systematic  trend 
between  failure  stress  and  boron  level  far  the  as-deposited 
cylinders  or  after  annealing;  however,  the  two  strongest 
as-deposited  cylinders  were  GEDC-4R  (C.13  percent  boron) 
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24,500  psi  and  GEDC-8R  (graded  0.40  o.d.  to  0.24  percent 
boron  i.d.)  25,100  psi.  These  results  were  in  general  agree¬ 
ment  with  previous  findings  in  Tasks  3.4. 1.2  and  3 • 4.1.3““ 
that  the  strongest  cylinders  were  those  containing  low 
boron  levels. 

The  strongest  rings  after  the  5-  and  15-hour  anneal  were 
from  deposit  GEDC-7R  (graded  0.67  o.d.  to  0.24  percent 
boron  i.d.)  with  strengths  of  19,5CO  and  18,900  psi, 
respectively.  The  two  rings  from  deposit  GEDC-8R  de¬ 
laminated  prior  to  failure.  The  failure  stresses,  therefore, 
were  lower  than  what  normally  would  be  expected. 

3.  The  residual  stress  increased  after  annealing,  the  largest 
Increase  occurring  after  the  5 “hour  anneal.  If  one  used  the 
ratio  of  t/r  to  residual  stress  multiplied  by  the  failure 
stress  as  an  indication  of  structural  soundness  (Table  XXVH) 
it  was  found  that  deposit  GEDC-4R  (0.13  percent  boron)  ranked 
the  highest,  with  the  two  graded  boron  deposits  GEDC-8R 
(0.40/0.24)  and  GEDC-7R  (0,067/0.24)  ranking  next  in  order. 
Annealing  was  seen  to  cause  a  marked  reduction  in  the  structural 
integrity  for  all  these  deposits.  Prom  this  it  was  concluded 
that  post-deposition  graphitization  was  undesirable. 

4.  No  systematic  trend  was  found  in  Poisson’s  ratio  which  could 
be  related  to  either  boron  level  or  annealing  time. 

5.  With  respect  to  the  ultimate  stress,  which  is  the  sum  of  the 
failure  stress  and  residual  stress,  deposits  GEDC-5R  and 
GEDC-7R  were  the  highest  after  annealing  5  hours,  and 
deposits  GEDC-7R  and  GEDC-3R  were  the  highest  after  anneal¬ 
ing  15  hours. 

Dimensional  changes  after  annealing  are  given  in  Table  XXVIII.  No 
real  difference  in  dimensional  changes  was  found  between  the  cut 
and  uncut  rings.  The  data  in  this  table  are  averages  for  both 
sets  of  rings.  The  largest  dimensional  changes  after  annealing 
were  seen  to  occur  for  deposits  GEDC-3R  (0.29  percent  baron)  and 
GEDC-6R  (0.48  percent  boron)  and  the  smallest  dimensional  changes 
were  for  deposits  GEDC-4R  (0.13  percent  boron)  and  GEDC-7R  (graded 
0.67/0.24  percent  boron).  Dimensional  changes  were  a  function  of 
both  boron  level  and  time  at  temperature.  The  higher  the  baron 
level,  the  higher  the  dimensional  changes.  The  data  for  GEDC-5R 
were  law  because  of  a  high  degree  of  graphitization  for  the  as- 
depoBited  material.  This  deposit  contained  a  high  boron  level 
(0.74  percent)  and  would  be  expected  to  have  the  highest  dimen¬ 
sional  changes  during  deposition.  An  indication  of  this  is  seen 
in  Table  XXIX,  The  as-deposited  cylinder  had  a  CQ  value  of  6.75  & 
for  the  first  deposited  layers  and  6.78  2  for  the  last  deposited 
layers.  Table  XXX  gives  the  unit  cell  height  data  for  three  de¬ 
posits  after  annealing. 
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There  appears  to  he  a  correlation  between  dimensional  changes  and 
degree  of  graphitization  (Ref  a  63) «  Growth  in  the  a-direction  of 
approximately  2  percent  and  shrinkage  in  the  c-direction  of  approx¬ 
imately  4  percent  corresponds  to  the  end  of  Stage  1  graphitization 
(unit  cell  height  6.74  X)  for  pyrolytic  graphite.  The  correlation 
gives  about  0»5  percent  growth  and  1  percent  shrinkage  for  a  degree 
of  graphitization  corresponding  to  a  unit  cell  height  of  6.79  A. 
Assuming  that  there  are  negligible  dimensional  changes  correspond¬ 
ing  to  a  unit  cell  height  of  6,t'6  A  and  that  the  graphitization  of 
boron  pyrolytic  graphite  is  similar  to  pyrolytic  graphite,  except 
for  the  presence  of  boron  which  catalyzes  graphitization,  then  from 
Tables  XXVHI  and  XXIX  it  can  be  concluded  that  the  dimensional 
changes  for  cylinder  GEDC-5R  during  deposition  were  approximately 
1  percent  growth  and  2  percent  shrinkage.  For  cylinder  GEDC-4R, 
there  would  be  negligible  dimensional  changes  for  the  as-deposited 
condition  and  about  0.5  percent  growth  and  1  percent  shrinkage 
after  annealing  15  hours.  The  expected  dimensional  changes  were 
in  good  agreement  with  measured  values.  Unit  cell  data  were  not 
available  for  annealed  specimens  from  deposits  GEDC-3R  and  GEDC-6R. 
The  expected  C0  values  would  be  6.74  A  after  annealing  15  hourB  and 
6.77  A  after  5  hours  annealing. 

A  very  significant  point  for  this  study  may  be  drawn  from  the  data 
in  Table  XXX.  Cut  and  uncut  rings  were  annealed  to  study  the 
effects  of  stressed  and  unstressed  conditions  on  graphitization. 

The  available  data  did  not  show  any  real  difference.  The  cut  rings 
(unstressed)  show  the  same  degree  of  graphitization  as  the  uncut 
(stressed)  rings.  This  indicates  that  the  stresses  present  during 
annealing  were  too  small  to  cause  any  stress-induced  graphitization. 

Table  XXXI  gives  the  coefficient  of  thermal  expansion  data  in  the 
a-  and  c-direction  as  a  function  of  boron,  as  well  as  c-direction 
data  after  heat-treating.  As  reported  in  the  earlier  Raytheon 
subcontract  work,  the  a-direction  coefficient,  within  the  accuracy 
of  our  equipment,  was  independent  of  boron  level  and  the  c-direction 
coefficient  increased  with  boron  level  and  was  in  fair  agreement 
with  results  for  boron-alloyed  pyrolytic  graphite  flat  plate  de¬ 
posits.  After  annealing,  the  coefficient  increased  for  the  O.13 
and  0.29  percent  boron  deposits  and  apparently  decreased  for  the 
0.48  and  0.74  percent  boron  deposits. 

Phase  3  (Analysis  and  Deposits) 

When  pyrolytic  graphite  is  deposited  under  normal  conditions  (2000°C) 
the  C0  value  is  found  to  lie  between  6,84  and  6,86  A,  The  C  value 
for  boron-alloyed  pyrolytic  graphite  deposited  under  similar°condi- 
tions  decreases  (increasing  degree  of  graphitization)  with  increasing 
boron  level  up  to  about  0.8  percent  boron  for  a  constant  boron  level 
deposit,  it  is  lower  at  the  substrate  surface  than  at  the  deposition 
surface.  This  is  because  graphitization  is  time  dependent,  and 
since  the  substrate  is  at  temperature  for  a  longer  period  of  time 
than  the  deposition  surface,  it  shows  a  higher  degree  of  graphitiza- 
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tion.  A  differential  in  the  degree  of  graphitization  thus  exists 
across  the  thickness  of  a  deposit.  This  differential  is  dependent 
upon  boron  level*  time*  and  temperature.  Thermal  expansion  and 
dimensional  changes  are  also  dependent  upon  the  degree  of  graphitiza¬ 
tion.  These  relationships*  however*  are  not  veil  defined. 

The  deposits  made  under  Phase  1  of  this  task  can  be  grouped  into 
three  graphitization  ranges: 

1.  For  lov  boron  level  deposits  (0.1  percent  boron)  the  differ¬ 
ential  in  graphitization  across  the  thickness  ms  low  because 
of  the  initial  low  degree  of  graphitization.  Deposits  in 
this  range,  such  as  GEDC-4R  (Table  XXIV )  had  high  failure 
stresses  and  low  residual  stresses.  With  annealing,  the 
failure  stress  decreased  rapidly  and  the  residual  stress 
increased  rapidly  (Tables  XXV  and  XXVI )  and  the  differential 
in  graphitization  across  the  thickness  remained  constant 
(Table  XXX). 

2.  A  higher  degree  of  graphitization  ms  present  across  the 
thickness  for  higher  constant  boron  level  deposits  (0.3  to 
0.7  percent).  With  annealing*  the  failure  stress  decreased 

and  the  residual  stress  increased  markedly  (Tables  XXV  and  XXVl). 

3.  The  third  range  of  graphitization  ms  obtained  in  the  graded 
boron  deposits.  A  high  differential  in  the  degree  of  graph¬ 
itization  across  the  thickness  (CQ  =  6.74  a  for  substrate 
surface  and  6.84  A  for  deposition  surface)  ms  obtained  in 
deposit  GEDC-7R.  The  rate  of  failure  stress  and  residual 
stress  change  with  annealing  ms  less  for  this  deposit  than 
any  other  deposit  made  under  this  study  (Tables  XXIV,  XXV  and 
XXVI ).  Annealed  rings  from  deposit  GEDC-8R  delaminated  when 
tested  to  failure  and*  therefore*  the  failure  stress  ms 
difficult  to  evaluate.  The  differential  in  degree  of  graph¬ 
itization  across  the  thickness  for  this  deposit  (C0  =  6.78  A 
for  substrate  surface  and  6.8l  A  for  deposition  surface )  ms 
the  spme  as  measured  for  deposit  GEDC-6R,  The  failure  stress, 
however*  for  the  as-deposited  cylinder  (GEDC-8R)  ms  higher 
and  the  residual  stress  lower  (Table  XXT/)  than  for  deposit 
GEDC-6R. 

Considering  these  three  graphitization  ranges,  it  ms  tentatively 
concluded  that  for  the  boron  range  investigated  and  for  the  de¬ 
position  conditions  employed*  differential  graphitization  during 
deposition  had  merit  for  controlling  residual  stresses.  Of  course, 
it  ms  not  possible  to  establish  a  mathematical  model  based  upon 
this  limited  data. 

Based  upon  the  data  available,  a  differential  graphitization  of 
CQ~  0.1  vas  selected  as  a  prerequisite  far  depositing  the  first 
cylinder  in  Phase  3.  A  boron  grade  frcm  0.5  to  0.15  weight  percent 


(of  many  possible  grades)  was  selected  to  satisfy  this  A  C  in 
depositing  a  cylinder  with  a  t/r  of  0.1,  This  cylinder  (GEBC-9R) 
was  deposited  crack-free  end  varied  in  t/r  from  0,095  to  0.115j 
however,  it  was  delaminated  in  two  places.  She  cylinder  was 
highly  stressed  and  during  handling  it  cracked  on  the  inner  fiber 
across  a  thickness  of  about  50  mils.  The  crack  propagated  across 
the  thickness  during  the  machining  of  l/2-inch  wide  rings.  Char¬ 
acterization  data  for  this  deposit  are  given  in  Table  XXXII,  Agree¬ 
ment  between  the  measured  and  expected  boron  and  CQ  values  is  ex¬ 
cellent.  However,  the  cylinder  was  not  satisfactory  for  residual 
stress  and  strength  measurements. 

This  area  of  work  was  reviewed  with  the  technical  program  director, 
and  it  was  mutually  agreed  to  attempt  to  deposit  the  next  series 
of  cylinders  with  t/r  values  7  O.O85  for  comparison  with  previous 
deposits.  Four  cylinders  were  deposited  at  a  t/r  <  0,085. 

Processing  characteristics  for  these  deposits  are  given  in  Table 
XXXHI.  Cylinder  GEDC-10R  was  deposited  with  the  same  nominal 
boron  grade  as  GEDC-9R,  bub  for  a  shorter  deposition  time.  The 
cylinder  showed  two  de laminations  and  was  cracked  on  the  i.d. 
surface.  Cylinder  GEDC-11R  was  deposited  with  the  same  nominal 
boron  level  cm  the  o.d.  surface  as  GEDC-9R  and  -10R,  bub  with  a 
higher  boron  level  (0«3  percent  boron)  on  the  i.d.  surface.  This 
deposit  was  made  to  study  the  effect  of  a  lower  differential  degree 
of  graphitization  in  a  graded  boron  cylinder.  The  cylinder  was 
uncracked  and  had  a  sound  ring  to  it,  despite  the  appearance  of  a 
single,  tight  delamination.  Cylinders  GEDC-12R  and  -13R  were  de¬ 
posited  with  the  same  nominal  haron  grade  (  0.4  to  0.2)  as  GEDC-8R, 
bub  with  a  higher  t/r  ratio.  Both  of  these  cylinders  were  delaminated 
as  well  as  cracked  axially  across  the  thickness  in  several  places. 

SUMMARY  AND  CONCLUSIONS 

Under  the  deposition  conditions  employed  in  this  study,  satisfactory 
BPG  cylinders  could  be  deposited  crack-  and  de lamination-free  with 
a  t/r  of  <  0.065.  A  t/r  -  0,065  appeared  to  be  the  borderline  for 
success  or  failure,  sometimes  the  cylinders  were  satisfactory  and 
sometimes  they  cracked.  At  t/r  values  >  0.07,  the  cylinders  in¬ 
variably  cracked. 

In  view  of  the  current  data,  the  relationship  between  strength,  boron 
level,  and  deposition  temperature  for  closed  shape  and  plate  stock 
BPG  deposits  now  becomes  a  little  clearer.  At  any  given  deposition 
temperature  the  flexural  strength  increases  with  boron  level  for 
plate  deposits.  Typical  values  for  plates  deposited  at  2000^0  would 
be  26,000  psi  for  0.1  percent  boron  and  29,000  psi  far  1.2  percent 
boron.  At  a  constant  boron  level,  the  flexural  strength  is  higher 
for  a  deposit  made  at  135 0°C  than  at  2000°C.  A  typical  flexural 
strength  far  BPG  plate  stock  deposited  at  l850°C  and  containing 
1.4  percent  boron  is  36,000  psi.  The  same  trend  in  flexural  strength 
with  deposition  temperature  is  also  found  for  unalloyed  pyrolytic 
graphite  (plate  material).  For  example,  a  typical  flexural  strength 


for  a  deposit  made  at  1700°C  is  36,000  psi.  For  a  2000°C  deposit, 
the  flexural  strength  is  about  26,000  psi. 

The  total  stress  (residual  plus  failure  stress)  for  closed  shapes 
deposited  at  2000°C  appears  to  be  independent  of  boron  level,  as 
measured  by  the  ring  compression  test.  Graphitization  raises  the 
residual  stress  and  lowers  the  failure  stress.  The  strengthening 
effect  caused  by  alloying  with  boron  (noted  in  flat  plate  deposits) 
appears  to  be  offset  by  the  graphitization  which  occurs  in  closed 
shapes  deposited  at  2000°C,  at  least  for  deposits  containing  up  to 
0.7  percent  boron.  This  is  thought  to  be  due  to  graphitization 
stresses  (Ref.  64)  and  Mrozowski  cracks  (Ref.  65)  caused  by  the 
graphitization.  If  graphitization  were  minimized  by  depositing  at 
very  high  deposition  rates  or  at  lower  temperatures,  a  positive 
strengthening  effect  with  boron  might  be  attained. 

Conclusions  From  These  Studies  Can  Be  Enumerated: 

1.  Differential  graphitization  across  the  thickness  of  a  deposit 
was  found  to  have  some  merit  in  improving  the  structural 
soundness  of  BFG  cylinders  for  t/r  values  <  O.O65.  Above  a 
t/r  value  of  0.07,  differential  graphitization  did  not  appear 
to  be  helpful. 

2.  High  boron  levels  at  low  deposition  temperatures  (l800°C  with 
little  or  no  graphitization)  arid  low  baron  levels  at  high 
deposition  temperatures  (  ^  2000°C)  as  well  as  high  deposition 
rates,  appear  to  be  useful  areas  for  attempting  to  deposit  BPG 
cylinders  with  t/r  capabilities  beyond  the  current  state-of- 
the-art. 


3.  An  increase  in  graphitization,  either  associated  with  an  increase 
in  boron  level  or  with  annealing,  results  in  an  increase  in 
modulus.  Values  as  high  as  10  x  10°  psi  were  obtained  for  a 
sample  containing  0.7  percent  boron. 

4.  Unlike  the  case  of  BPG  plate  stock,  there  does  not  appear  to  be 
any  strengthening  effect  caused  by  the  presence  of  boron  for 
cylindrical  BPG  deposits  containing  up  to  0.7  percent  boron. 

5.  Residual  stress  increases  with  increasing  boron  level  and  with 
graphitization. 

6.  No  systematic  trend  was  found  in  Poisson's  ratio  which  could  be 
related  to  either  boron  level  or  annealing  time. 

7»  No  relationship  between  boron  level  (  0.1  to  0.7  percent)  and 

a-direction  coefficient  of  thermal  expansion  was  found  a  constant 
CTE  value  (0  -  1000°C)  of  0.8  t  0.2  x  10"6  was  obtained.  The 
c-direction  CTE  for  the  as-deposited  cylinders,  an  the  other  hand, 
was  found  to  increase  from  24  x  10“°  to  28  x  10”°  for  this  same 
boron  range. 
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8*  No  evidence  of  any  stress-induced  graphitization  at  2000°C  was 
found  in  this  study. 

RECOMMQMIONS 


It  appears  that  for  the  deposition  conditions  employed,  differential 
graphitization  across  the  thickness  has  soma  merit  in  improving  the 
structural  soundness  of  BPS  cylinders  for  values  of  t/r  <  O.O65. 
Above  this  t/r  value,  differential  graphitization  did  not  appear 
helpful  in  attempting  to  deposit  structurally  sound  cylinders  with 
higher  thlckness-to-radius  ratio  (beyond  the  current  state  of  the 
art).  Souse  control  of  residual  stress  can  be  achieved  by  means  of 
differential  graphitization;  however,  this  technique  does  not  offer 
any  improvements  over  lower  temperature  and  lower  boron  level  de¬ 
position  techniques  which  are  currently  used  for.  depositing  crack- 
and  delamination-free  cylinders  with  t/r  values  of  ^  0.1.  The 
extent  of  graphitization  can  be  specified  and  controlled;  however, 
it  cannot  be  used  to  advantage  in  depositing  closed  shapes  at  2000°C, 
Post-deposition  graphitization  is  also  deleterious  to  the  struc¬ 
tural  integrity  of  constant  boron  level  and  graded  BPG  deposits,  and 
should  he  avoided. 
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vm.  PROCESS  AND  PROFILE  STUDIES  FOR  REFLEX  FLOW  SYSTEMS 

All  the  studies  reported  in  Sections  V,  VI  and  VII  of  this  report 
■were  based  on  straight-through  flow  systems,  While  it  might  be  possible 
to  deposit  a  pyrolytic  graphite  nose  cone  on  the  exterior  surface  of  a 
properly  shaped  graphite  plug  using  a  straight-through  flow  system,  there 
are  a  number  of  reasons  why  this  is  not  a  good  technique.  One  reason  is 
the  difficulty  in  keeping  the  plug  (or  deposition)  surface  hot,  since  in 
most  deposition  assemblies  the  plug  is  not  a  heated  piece.  Another 
reason  is  that  most  nose  cones  require  a  thicker  deposit  in  the  nose  re¬ 
gion  than  along  the  remainder  of  the  walls  and  that  is  not  easily  accom¬ 
plished  on  a  plug.  The  most  important  reason,  however,  is  that  residual 
stresses  on  such  a  deposit  exceed  the  material  strength  with  the  result 
that  the  deposit  is  cracked,  delaminated  and  out  of  round  when  removed 
from  the  mandrel.  For  all  these  reasons,  a  reflex  flow  system  is  used 
to  deposit  nose  cones. 

In  a  reflex  flow  system,  the  inlet  gas  mixture  is  injected  into 
the  interior  of  a  closed  and  heated  mandrel  along  its  central  axis.  The 
gas  is  heated.,  partially  decomposed  and  is  exhausted  as  an  annular  flow, 
returning  around  the  incoming  flow  along  the  mandrel  wall.  Thus,  in 
addition  to  the  many  complexities  found  in  straight-through  systems,  new 
problems  are  created  which  are  unique  to  reflex  flow  systems. 

Seme  of  the  unique  problems  are: 

1)  The  need  to  inject  gases  at  a  point  well  within  the 
assembly.  A  water-cooled  inlet  nozzle  is  required  to 
prevent  clogging  from  premature  deposition,  but  the 
available  cross-section  within  the  mandrel  is  small. 

The  nozzle  is  effectively  a  cold  plug.  Influencing  the 
linear  velocity  of  the  gas  on  its  return  path.  The 
nozzle  also  acts  as  a  heat  sink  within  the  assembly. 

2)  The  difficulties  associated  with  in-process  measurements 
within  a  heated  graphite  mandrel  in  gases  at  low  pressure 
and  high  linear  velocity.  For  instance,  it  would  be 
desirable  to  know  what  actual  pressure  exists  at  each 
point  in  the  flow  path.  It  would  also  be  desirable  to 
know  how  much  turbulent  mixing  occurs  at  the  incoming¬ 
outgoing  flow  interface  and  whether  the  gas  flow  is 
laminar  or  turbulent  at  each  point. 

3)  The  difficulties  imposed  by  typical  material  specifi¬ 
cations,  based  on  the  end  use  as  aerospace  hardware. 

For  instance,  post -deposition  machining  of  the  exterior 
cannot  be  allowed  for  fear  of  contamination  of  the 
otherwise  ultrapure  carbon  surface  and  also  for  fear 

of  cutting  into  de laminations  which  might  not  be 
precisely  parallel  to  the  exterior.  This  requires 
accurate  mandrel  design  and  proper  mandrel  pretreat¬ 
ments.  The  deposit  must  have  at  least  the  minimum 
thermal  and  mechanical  properties  specified  in  order 
to  perform  satisfactorily  in  use.  None  of  these  deposit 
requirements  can  be  met  without  a  reliable, reproducible 
reflex  flow  process. 


Obviously  the  reflex  flow  system  is  a  complex  one.  At  the 
tins  these  studies  began,  an  empirical  approach  had  been  devised  which 
allowed  occasional  success  in  the  deposition  of  nose  cones  of  about  10 
degree  half  angles  with  about  0,250  inch  nose  radii  using  graded  boron- 
alloyed  pyrolytic  graphite.  Each  material  supplier  had  certain  successes, 
not  all  suppliers  performed  equally  well  in  the  production  of  any  given 
nose  eone,  and  none  had  had  the  time  or  opportunity  to  examine  the  effects 
of  variables  in  any  controlled  studies  because  the  need  for  hardware 
pieces  was  too  great. 

This  program  of  studies  represents  the  first  extensive,  system¬ 
atic  set  of  experiments  aimed  at  understanding  the  effects  of  variables 
(and  their  interactions)  in  the  process.  Task  3.5.1  had  established  the 
state  of  the  art  for  production  of  one  typical  nose  cone.  The  state  of 
the  art  was  surprisingly  good  in  view  of  the  complex  nature  of  reflex 
flow  systems.  It  represented  a  combination  of  "best  estimates"  by 
experienced  process  engineers. 

A.  EFFECTS  OF  PROCESS  VARIABLES  (Tasks  3. 2.1.1  and  3.. 4.2.1) 

According  to  the  Work  Statements,  "The  magnitude  of  the  changes  in 
deposit  thickness  profile  and  ^position  rate  which  can  be  made 
through  modification  in  gas  flow  patterns  will  be  established. 
Techniques  which  will  be  evaluated  include  baffles  and  chokes."  and 
"The  number,  uniformity  and  tightness  of  delaminations  will  be 
evaluated  in  deposits  made  using:  a)  Variations  in  deposition 
temperature  and  variations  in  deposition  rate,  and  b)  Variations  in 
boron  content  and  distribution  (axial  and  radial),  effects  of  diluent 
gases,  changes  in  setup  design,  and  variations  in  nozzle  size  and 
position." 

The  work  in  Task  3. 4. 2.1  was  started  first,  on  subcontract  to 
Raytheon  Company.  The  revised  Work  Statement  eliminated  most  of  the 
planned  effort  in  Task  3, 2. 1.1. 

EXPERIMENTAL  CONDITIONS  SELECTED 


The  processing  conditions  used  to  deposit  cones  at  Raytheon  Company 
and  General  Electric-Metallurgical  Products  Department  differed  some¬ 
what.  Therefore,  it  waB  mutually  agreed  that  Raytheon  Company  would 
initially  use  GE-MPD  conditions.  The  only  important  difference  in 
the  deposition  assemblies  at  the  two  facilities  was  that  at  Raytheon 
Company  the  work  piece  was  rotated,  whereas  at  GE-MPD  the  gas  nozzle 
was  rotated.  In  either  method,  a  relative  motion  was  obtained  which 
was  intended  to  eliminate  any  problems  arising  from  possible  inlet 
nozzle  misalignment, 

A  typical  mandrel  assembly  and  cone  deposit  is  shown  in  Figure  106. 
The  exhaust  holes,  however,  were  located  at  the  base  of  the  mandrel 
sleeve  rather  than  at  the  top  as  shown  in  this  figure. 
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The  inside  mandrel  surface  was  polished  with  600  grit  paper,  wiped 
dry  with  acetone -moistened,  lintless  paper,  sprayed  with  Dr-Glide* 
dried  and  again  wiped  with  lintless  paper.  The  Dri -Glide  step  was 
eliminated  in  the  last  five  cone  runs  since  its  benefit  was  concluded 
to  be  marginal.  The  mandrel  assembly  consisted  of  a  3-l/3  inch  i.d. 
by  8  inches  long  graphice  sleeve  pinned  to  the  mandrel,  a  graphite 
disk  pinned  at  the  base  of  the  graphite  sleeve,  and  a  l-l/2  inch 
diameter  graphite  rod  screwed  and  pinned  to  the  top  of  the  mandrel. 
The  upper  end  of  the  graphite  support  rod  was  fastened  to  a  metal  rod 
which  was  connected  to  a  gear  driven  rotating  shaft.  The  water- 
cooled  nozzle,  insulated  by  a  graphite  sleeve,  was  positioned  inside 
the  mandrel  sleeve  at  the  appropriate  distance  from  the  cone  tip.  A 
flash  precoat  of  FG  5  to  10  mils  thick  was  applied  over  a  30  minute 
period.  This  was  followed  by  15  minutes  of  evacuation  prior  to  the 
start  of  deposition.  The  rotation  of  the  cone  at  3  rpm  was  generally 
very  smooth  during  the  first  few  hours  of  deposition;  however,  before 
the  end  of  deposition  in  the  early  runs,  the  support  rod  would  break 
due  to  a  thick  buildup  of  EPG  "clinkers"  and  binding  between  the 
nozzle  sleeve  and  mandrel  sleeve  plate.  The  fact  that  the  mandrel 
was  stationary  for  part  of  the  deposition  at  the  end  did  not  detract 
from  the  variable  under  investigation.  For  the  most  part,  it  only 
accentuated  the  asymmetry  in  wall  thickness. 


Two  changes  were  made  in  the  mandrel  assembly  after  about  half  the 
cones  were  deposited,  l)  Improvement  in  the  rotating  assembly  and 
support  rod.  2)  Attaching  the  nozzle  sleeve  directly  to  the  mandrel 
end  plate  and  rotating  the  assembly  around  the  water-cooled  nozzle. 
These  improvements  reduced  the  binding  problem  due  to  the  build-up 
of  BPG  clinkers  and  made  it  possible  for  the  cone  to  be  rotated  for 
the  entire  run  duration.  In  addition,  the  redesign  resulted  in  a 
better  control  over  the  exhaust  area. 


. 


After  cool-down,  the  thickness  of  the  cone  was  profiled  and  four  to 
six  radiographs  were  taken  at  various  orientations.  The  cone  was 
than  cut  longitudinally  and  a  3 -inch  tip  section  was  polished  and 
photographed  for  a  study  of  deposition  and  closure  characteristics  at 
the  tip.  Samples  were  taken  at  various  locations  for  boron  analysis 
and  density  measurement. 


RESULTS 

Data  on  the  processing  and  characterization  of  the  cones 
deposited  are  given  in  Tables  XXXIV  and  XXXV,  and  in  Figures  107  through 
129.  Details  on  the  processing  of  individual  deposits  and  the  variable 
under  investigation  are  given  in  the  following  sections; 


*Magnus  Chemical  Co.,  Inc.,  Garwood,  K. J, 
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NOZZLE  ORIFICE  SIZE  STUDIES.  Three  cones  were  deposited  under  essentially 
the  same  'conditions  to  investigate  the  effect  of  nozzle  orifice  $ize  before 
deposition  of  a  standard. 

Run  GEHP-1  (75  mil  nozzle  orifice)  was  set  up  to  deposit  for  4j  hours 
After  about  10  hours,  the  support  rod  broke  and  the  mandrel  fell,  thereby 
reducing  the  nozzle  to  cone  tip  distance  to  approximately  6-l/2  inches. 

The  run  was  terminated  after  45 -3 A  hours  because  of  increased  pressure 
in  the  gas  flow  lines  caused  by  plugging  of  the  exhaust  holes.  The  inner 
surface  of  the  cone  was  rough  and  showed  nodular  growth  attributed  to  the 
increased  pressure. 

Run  GELP-2  (150  mil  nozzle  orifice)  was  terminated  after  6  hours  of  depo¬ 
sition  due  to  pressurization  of  the  gaa  flow  meters.  Figure  116  shows  a 
photograph  of  the  cone  after  cutting.  The  center  of  the  cone  above  the 
nozzle  was  filled  with  a  hard,  gray,  sooty  pyrolytic  coke.  The  maximum 
wall  thickness  was  2  inches  below  the  tip.  The  sequence  of  events  which 
led  to  the  formation  of  this  coke  is  believed  to  have  been: 

a)  Closing  of  exhaust  holes  due  to  rapid  deposition  there. 

b)  Increase  in  pressure  and  turbulence  inside  the  cone. 

c)  Gas  phase  formation  of  aromatic  hydrocarbons  and  soot. 

d)  Formation  of  pyrolytic  coke  (or  hard  soot  compact). 

Run  GELP-3  (100  mil  nozzle  orifice)  was  a  normal  deposit  except  that  the 
rotation  ceased  after  7-1/2  hours, 

BASE-LINE  RUN.  In  order  to  have  a  "standard"  deposit  with  which  to  com¬ 
pare  later  deposits,  a  base-line  run  whb  made,  A  nozzle  orifice  size  of 
89  mils  was  selected  for  the  base-line  run,  based  upon  a  careful  examina¬ 
tion  of  the  deposition  characteristics  for  deposits  GEDP-1  and  GEDP-3, 

This  run,  GEDP-4,  was  made  under  the  same  conditions  as  the  first  three 
runs.  The  inner  cone  surface  at  the  base  contained  some  large  nodules  ard 
the  wall  thickness  was  asymmetric  around  the  circumference. 

NOZZLE  WITHDRAWAL  AND  TEMPERATURE  VARIATION  STUDIES.  The  nozzle  with¬ 
drawal  experit.  ;nts  were  aimed  at  assessing  the  "effect  of  maintaining  a 
constant  and  increasing  nozzle  to  cone  tip  distance  on  the  deposition 
characteristics.  These  runs  were  made  early  in  the  program  so  that  nozzle 
withdrawal  c**.,/.d  be  assessed  and  included  as  a  standard  processing  item 
If  the  results  warranted  it. 

’.'■c .:■$  cf  prcclems  associated  with  rotating  the  mandrel,  the  preliminary 
withdrawal  experiment  (GEDF-5)  was  made  with  a  fixed  base  support, 
iUJ  withdrawn  at  the  rate  of  lA  inch  per  each  five  hours  of 


The  second  nozzle  withdrawal  experiment  (GEDP-6)  was  accampaniedQby  an 
increase  in  deposition  temperature  over  the  lange  1950°  to  2100  0. 
Temperature  variation  was  selected  as  a  processing  variable  in  an  attempt 
to  produce  a  tighter  delamination  pattern  by  offsetting  secondary  residual 
stresses.  The  deposit  was  rotated  and  the  nozzle  was  withdrawn  at  a  rate 
of  l/8  inch  after  5  and  10  hours,  lA  inch  after  15  and  20  hours  and  l/2 
inch  after  25  hours.  The  cone  rotated  satisfactorily  for  the  first  15 
hours  of  deposition. 

Run  GEDP-7  was  made  with  an  increase  in  temperature  over  the  range  1950° 
to  210CTC  with  a  stationary  nozzle.  The  hole  in  the  mandrel  base  plate 
was  enlarged  to  provide  additional  clearance  between  the  rotating  base 
plate  and  the  deposit  build-up  on  the  o.d.  of  the  stationary  nozzle 
sleeve.  The  mandrel  rotated  satisfactorily  for  25  hours.  This  deposit  was 
similar  to  GEDP-6. 

GRADED  AND  HIGHER  BORON  LEVEL  STUDIES.  The  BC1-  flow  rate  for  all 
previous  runs  had  been  held  constant  at  O.Oh  lpm.  In  the  graded  and 
higher  boron  level  experiments,  the  BCl^  flow  rate  was  varied  as  follows: 

GEDP-8  Decreased  from  O.Oh  to  0.01  1pm  as  a  function 
of  time. 

GEDP-9  Constant  at  0,08  1pm. 

GEDP-11  Decreased  from  0.08  to  0.04  1pm  as  a  function 
of  time. 

GEDP-lh  Constant  at  0,l6  1pm, 

An  improvement  in  the  design  of  the  rotating  assembly  evolved  during 
these  runs  which  made  it  possible  for  the  mandrel  to  be  rotated  more 
smoothly  and  with  less  binding  tendency  between  the  rotating  and  non¬ 
rotating  parts.  In  addition,  the  redesign  resulted  in  a  better  control 
over  the  exhaust  area.  A  metal  universal  joint  was  added  to  the  rotating 
support  assembly  after  run  GEDP-8  and  a  graphite  universal  Joint  after 
run  GEDP-9.  In  GEDP-11  the  nozzle  sleeve  was  attached  to  the  mandrel 
base  plate  and  rotated  with  the  mandrel  around  the  nozzle.  The  mandrel 
rotated  satisfactorily  for  the  entire  run.  Run  GEDP-14  was  terminated 
after  7-1 A  hours  due  to  "clinkers"  depositing  on  the  nozzle  and  binding 
between  the  nozzle  and  nozzle  sleeve.  This  binding  problem  was  associated 
with  the  very  high  BCl^  flow  and  did  not  occur  in  any  lower  boron  level 
experiments.  A  more  or  less  uniform  coating  was  deposited  on  the  nozzle 
sleeve  in  the  lower  boron  level  experiments.  All  deposits  except  GEDP-14 
exhibited  a  smooth  inside  surface  texture  with  nodules  l/8  inch  in  diameter 
or  le3s  and  were  considered  to  be  satisfactory  deposits.  The  surface  of 
GEDP-14  was  very  hard  and  had  a  soot-like  appearance. 


NITROGEN  DILUTION  STUDIES.  This  run  (GEDP-15)  was  made  using  what  was 
considered1  to  bs  the'  best  set  of  deposition  conditions.  The  deposit  was 
unusually  thin  (185  mils  at  the  tip  and  210  mils  at  the  base)  and  was 
not  considered  to  be  a  satisfactory  deposit.  The  presence  of  nitrogen 
appeared  to  have  retarded  the  deposition  rate  and  was  thus  considered 
undesirable  from  a  practical  consideration, 

OTHER  PROCESSING  VARIABLES.  Two  nozzle  withdrawal  runs  (GEDP-10  and 
C83EP-12  were  made  to  investigate  the  effect  of  an  initial  7-l/2  inch 
nozzle -to~cone  tip  distance  on  the  sooting  tendency  in  the  stagnation  tip 
region.  These  modified  nozzle  withdrawal  runs  rotated  satisfactorily 
during  the  entire  deposition.  The  deposit,  however,  was  considered  thick 
enough  for  an  evaluation  of  the  89  mil  nozzle  orifice  size. 

After  a  preliminary  examination  of  the  processing  data,  it  was  recognized 
that  the  exhaust  area  and  the  presence  of  a  cold  finger  (unshielded  l-l/2 
inch  end  section  of  the  water-cooled  nozzle)  had  a  marked  effect  on  the 
deposition  rates,  A  Raytheon  Company  run  (R-l)  was  made  to  investigate 
these  two  parameters  in  more  detail  and  for  comparison  with  previous  runs. 
Run  R-l  was  deposited  for  20  hours  using  a  stationary  mandrel  support. 

The  deposit  was  thin,  as  was  expected,  because  of  the  exhaust  area  and 
nozzle  position  but  the  surface  te store  was  smooth  and  free  of  large 
nodules, 

CHARACTERIZATION  AND  EVALUATION 


Characterization  and  evaluation  of  the  cone  deposits  were  made  by  examining 
the  thickness  profile,  growth  characteristics  at  the  cone  tip  stagnation 
region,  boron  content,  density,  and  delamination  characteristics  for 
number  and  tightness.  The  effects  of  a  cold  finger,  exhaust  area,  temper¬ 
ature  variation,  nozzle  to  cone  tip  distance,  and  nozzle  withdrawal  were 
assessed  with  respect  to  the  deposition  rate  in  the  stagnation  tip  region 
and  the  deposition  rates  at  the  maximum  and  minimum  cone  wall  thickness. 

THICKNESS  PROFILE.  The  wall  thickness  for  each  cone  was  carefully  measured 
along  the  length  of  the  cone  wall  at  four  locations  90°  apart.  Figures 
107  through  111  show  the  maximum  and  minimum  wall  thickness  profiles  and 
the  tip  stagnation  regions.  Except  for  GEDP-2,  the  minimum  wall  thickness 
is  seen  to  occur  generally  in  the  region  from  1  to  3  inches  from'  the  cone 
tip  and  the  maximum  fran  7  to  8  inches  from  the  cone  tip.  A  tabulation 
of  the  tip  thickness  and  spread  in  the  maximum  and  minimum  wall  thickness 
for  each  deposit  is  given  in  Table  XXXIV,  The  early  deposits  are  seen  to 
show  appreciable  circumferential  asymmetry.  As  better  control  of  the 
processing  evolved  (alignment,  rotation  of  mandrel  for  entire  run,  etc.) 
this  asymmetry  was  reduced  to  +  10  mils  (runs  GEDP-13  through  GEDP-15) . 

The  presence  of  the  minimum  wall  thickness  and  sooting  characteristic  in 
run  GEDP-2  can  be  explained  from  a  consideration  of  the  gas  flow  profile. 
The  gas  is  assumed  to  spread  in  the  shape  of  a  plume  as  it  leaves  the 
nozzle.  In  the  ccne  tip  region,  gas  turbulence  may  exist  and  deposition 
there  is  probably  controlled  by  gas -phase  diffusion.  Tn  run  GEDP-2, 
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because  of  the  150  mil  nozzle  and  low  center  line  velocity,  the  gas  plume 
may  have  spread  quickly,  striking  the  cone  wall  about  4  inches  fro®  the 
tip  producing  a  larger  turbulent  region  which,  because  of  the  reverse 
gas  flow  and  long  residence  time  of  active  species  formed,  probably  caused 
appreciable  sooting  to  occur.  Because  of  the  higher  center  line  velocity 
in  the  75  to  100  mil  nozzle  runs,  less  turbulence  would  exist ,  The  gas 
plume  would  spread  and  strike  the  wall  in  the  region  1  to  3  inches  from 
the  tip,  thereby  causing  a  low  rate  of  deposition.  This  correlation  is 
valid  only  under  the  particular  deposition  conditions  used  in  this  study. 
That  is,  a  set  of  deposition  conditions  could  probably  be  specified  under 
which  a  satisfactory  cone  could  be  deposited  using  a  150  mil  nozzle, 

TIP  GROViTH  AMD  CLOSURE.  Three  regions  may  be  considered  in  characterizing 
the  deposition  at  the  tip  of  the  cones  deposited  in  these  studies: 

1.  The  initial  80  to  100  mils  deposit  thickness. 

2.  The  region  from  100  to  300  mils. 

3.  The  region  greater  than  300  mils  in  thickness 
showing  a  line  closure. 

In  region  1,  normal  deposition  occurs  with  a  decreasing  radius  and  with 
a  greater  rate  of  deposition  than  at  the  minimum  cone  wall  thickness. 
Delaminations  are  Bpaced  from  10  to  20  mils  apart  and  are  associated 
with  the  high  t/r.  For  a  l/4  inch  radius,  the  upper  limit  between 
delaminations  at  the  tip  is  about  25  milB.  Nodules  which  occurred  within 
this  region  were  traced  to  a  poor  blend  of  the  mandrel  radius  to  the  cone 
wall  and  to  surface  flaws  at  the  mandrel  tip.  Such  nodules  could  be 
eliminated  by  improved  machining  techniques  and  by  proper  conditioning  of 
the  mandrel  surface. 

Region  2  has  two  different  aspects.  One  is  a  continuation  of  region  1 
to  a  point  closure  at  about  300  mils  thickness.  The  second  aspect  is 
associated  with  gas  growth  in  a  "fish-tail"  like  shape  caused  by  near 
sooting  conditions.  This  phenomenon  can  be  minimized  by  keeping  the 
boron  content  low  and  by  proper  nozzle  withdrawal  during  deposition. 

Region  3  is  characterized  by  a  line  closure  along  the  central  axis  of  the 
cone.  This  closure  line  is  a  function  of  the  cone  geometry  at  the  tip 
and  the  way  in  which  growth  occurs. 

Referring  again  to  Figures  112  through  115  and  neglecting  the  nodules  in 
the  regions  1  and  2  which  are  due  to  mandrel  flaws,  the  best  tip  closures, 
were  concluded  to  be  those  of  runs  GEDP-6,  8,  11  and  12.  The  two  most 
important  processing  parameters  in  these  runs  responsible  for  the  favor- 
aole  closure  pattern  were  nozzle  withdrawal  and  graded  boron.  Unfavorable 
processing  parameters  which  should  be  avoided  are  nominal  high  boron 
content  (GEI3P-9)  because  cf  the  sooting  tendency  and  fast  nozzle  with¬ 
drawal  (GEDP-*))  because  of  the  tendency  to  produce  a  void. 

The  grout*  and  closure  cnaracte.  i sties  in  the  tip  region  will  markedly 
affec*  the  performan'e  of  «  BPC  r.ose  cone  during  re-entry.  Only  the 
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outermost  surface  layers  would  be  peeled  away,  thereby  exposing  new  thermal 
barrier  surfaces.  Any  flaws  in  the  tip  such  as  due  to  a  void,  large  nodules, 
severe  delami nations  and  cracks  such  as  seen  for  some  of  these  cones  would 
have  a  deleterious  effect  on  the  performance  of  such  nose  cones  if  they 
were-  used  as  aerospace  hardware , 

HUMBER  AND  TIGHTNESS  OF  ESLAtOmTIONS.  A  visual  comparison  of  the  radio¬ 
graphs  for  number  and  tightness  of  delaminations  at  the  tip  and  base  re¬ 
vealed  very  little  difference  for  all  deposits  produced.  Actual  differences 
may  be  present  which  were  not  clearly  resolved  subjectively  from  the  radio¬ 
graphs,  A  simple  procedure  was  devised  for  characterizing  the  number  and 
tightness  of  delaminations.  The  radiograph  for  each  cone  which  showed  the 
best  defined  delamination  pattern  was  marked  off  at  3  and  7  inches  from 
the  cone  tip  and  the  distance  from  the  outer  wall  surface  to  each  visible 
delamination  was  measured,  A  delamination  profile  was  constructed  by 
plotting  this  distance  against  the  tightness  of  the  de lamination.  Tightness 
was  ranked  into  five  categories  according  to  the  approximate  width  of  each 
delamination:  WL —  very  very  loose  (10  mils),  VL — very  loose  (5  mils), 

L— loose  (3  mils),  t — tight  (lmil),  and  Vt— very  tight  (l  mil).  Figures 
117  through  128  show  the  delamination  profiles  constructed  in  this  manner 
for  all  radiographed  cones.  Close  examination  revealed  no  significant 
differences  in  the  number  of  delaminations:  however,  cones  GEDP-6,  7,  8 
and  13  appear  to  have  tighter  delaminations  toward  the  inner  surface  than 
the  other  cones.  The  favorable  tightness  rating  for  GEDP-13  is  not 
considered  to  be  very  significant  since  the  cone  wall  was  thin.  An  in¬ 
crease  in  temperature  during  deposition  might  have  scane  merit  in  improving 
the  tightness  of  delaminations;  however,  the  data  suggest  a  trend  rather 
then  a  definite  effect.  High  nominal  boron  content,  nitrogen  dilution, 
nozzle  size,  as  veil  as  che  other  parameters  studied  were  found  to  show 
no  improvement  in  the  number  and  tightness  of  delaminations.  This  is  not 
to  say  that  any  real  effects  may  not  have  been  present,  but  if  so,  these 
were  overshadowed  by  the  stresses  due  to  wall  thickness  asymmetry  along 
the  length.  A  uniform  wall  profile  would  be  expected  to  show  some  real 
improvements  in  the  de lamination  pattern. 

Photographs  of  polished  sections  for  cone  GEDP-7  at  3  and  7  inches  from 
the  tip  are  shown  in  Figure  127.  The  delaminations  are  seen  to  be  dis¬ 
continuous.  Good  agreement  was  obtained  in  a  comparison  of  the  number 
of  delaminations  between  this  figure  and  Figure  122  for  the  same  trans¬ 
verse  regions. 

BORON  AMD  DENSITY  ANALYSIS.  Boron  spectrographic  analysis*  reported  as 
weight  percent  are  given  in  Table  XXXV.  Selected  samples  were  taken  from 
t-he  center,  outer  and  inner  regions  at  the  tip  and  from  the  first  and 
last  deposited  layers  at  the  base.  The  samples  were  povdered  and  passed 
through  a  200  mesh  sieve  prior  to  analysis.  Duplicate  analyses  were  made 
an  each  sample  and  the  difference  was  generally  within  10  percent  of  the 
measurec  boron  level.  The  boron  levels  for  cones  GEDP-3,  6  and  7  were  not 
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markedly  different  and.  vere  considered  typical  for  cones  deposited  with 
the  processing  conditions  used.  The  boron  levels  at  the  base  for  all  con^s, 
except  GEDP-1,  5  and  8,  fell  within  the  range  of  1.1 ’to  2.2,  percent  boron., 
with  the  higher  boron  levels  associated  with  the  last  deposited  layers. 

This  might  be  reasonable  if  boron  diffusion  occurred  since  the  first 
deposited  layers  would  be  at  temperature  for  a  long  period  of  time,  there- 
by  giving  the  boron  a  chance  to  diffuse.  In  run  GBDP-i,  the  first  deposited 
layers  were  at  temperature  for  a  longer  period  of  time  than  in  any  of  the 
other  deposits  and,  therefore,  the  boron  level  on  the  outside  surface 
would  be  low.  Run  GEDP-8  was  a  graded  boron  deposit  (medium  to  low), 
and  the  boron  content  ratio  between  the  first  and  last  deposited  layers 
are  in  good  agreement  with  the  BCI3  flow  rates.  The  reason  for  the  low 
boron  levels  for  GEEP-5  and  in  the  tip  for  GEDP-4  is  not  understood. 
Depletion  of  boron  by  diffusion,  if  it  occurred  in  these  deposits,  may 
have  been  accelerated  by  the  presence  of  the  void  in  the  tip  for  GEEP-5 
and  the  peculiar  "Whisker-like"  growth  in  the  tip  of  GEDP-h,  How  these 
and  other  structural  features  might  affect  boron  diffusion  is  not  clearly 
understood. 

Density  data  (by  toluene  displacement)  were  obtained  only  on  a  few  speci¬ 
mens.  The  measured  values  varied  from  2.20  to  2.2k  g/cc  with  no  obvious 
correlation  with  the  boron  analyses. 

NORMAT.T7.4TION  OF  DEPOSITION  RATES.  An  attempt  was  made  to  normalize  the 
deposition  rates  in  the  stagnation  tip  region  and  the  deposition  rates 
at  the  maximum  and  minimum  cone  wall  thickness  for  the  effects  of  the 
following  processing  variables: 


a)  Cold  finger  (unshielded  section  of  nozzle). 

b)  Exhaust  area  of  50$*, 

c)  Temperature  variation. 

d)  Initial  nozzle  to  cone  tip  distance  of  7-l/2  inches. 

e)  Nozzle  withdrawal. 

It  should  be  noted  that  with  the  number  of  variables  looked  at  in  the 
program  and  the  number  of  runs  made,  it  was  impossible  to  assess  the 
effects  of  these  variables  on  the  deposition  rates  unless  it  was  assumed  • 
that  they  were  independent  of  each  other.  To  first  approximation,  this 


■^the  exhaust  area  described  in  terms  of  the  annular  cross-section 
between  the  top  of  the  inlet  nozzle  and  the  adjacent  mandrel,  which  is 
the  minimum  flow  area  within  the  mandrel  region.  The  values  used  in 
these  studies  were  23  percent  and  50  percent. 
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is  a  reasonable  assumption.  By  means  of  this  analysis,  the  normalized 
deposition  rates  for  almost  all  runs  were  observed  to  fall  within  the 
following  ranges: 

Stagnation  tip  4l  -  44,5  mils/hr 

Max.  wall  13.1  -  l4.1  mils/hr 

Min.  6,1  -  6.7  mils/hr 

These  normalized  values  apply  only  to  deposits  made  with  a  100  mil 
nozzle  orifice  size  at  a  constant  medium  boron  level.  Differences  "rom 
these  normalized  values  can  be  accounted  for  on  the  basis  of  orifice  size 
graded  or  high  boron  levels,  fast  rate  of  nozzle  withdrawal  and  nitrogen 
dilution. 

SUMMARY  AMD  CONCLUSIONS 

A  number  of  processing  variables  were  investigated  in  an  attempt 
to  improve  the  state  of  the  art  for  depositing  BPG  cones  and  to  advance 
the  technology  for  depositing  full-scale  BPG  components  for  re-entry 
applications.  The  effects  of  intended  variables  (nozzle  orifice  size, 
nozzle  withdrawal,  temperature  variation,  graded  and  high  boron  contents, 
nitrogen  dilution)  as  well  as  several  assembly  features  (unshielded 
nozzle  end  section,  exhaust  area  initial  nozzle  to  cone  tip  distance)  were 
assessed  with  respect  to  tip  growth  characteristics,  wall  thickness  profile, 
and  delcmination  pattern.  The  conclusions  reached  during  this  investi¬ 
gation  with  regard  to  these  variables  are  summarized  as  follows: 

1.  Considering  the  four  nozzle  orifice  sizes  investigated  at 
Raytheon  (150,  100,  89,  75  mils)  and  the  conditions  used  to 
produce  the  cone  deposits,  the  100  mil  nozzle  was  most  satis¬ 
factory  from  the  standpoints  of  deposition  rate,  tip  closure 
characteristics  and  wall  thickness  profile.  The  89  mil  nozzle 
ranked  second  in  this  respect, 

2.  Nozzle  withdrawal  and  graded  low  level  boron  were  found  to  be 
the  two  most  important  variables  in  producing  a  favorable  tip 
closure  pattern  and  wall  thickness  profile. 

3.  Nominal  high  constant  boron  levels  as  well  as  nominal  high 
graded  boron  levels  should  be  avoided  because  of  the  sooting 
tendency  and  high  degree  of  graphitization.  The  former  would 
result  in  nodular  growth  and  the  latter  would  be  expected  to 
enhance  the  delamination  tendency. 

4.  No  marked  improvement  in  delamination  pattern  was  observed 
with  any  of  the  variables  investigated,  although  a  temperature 
variation  during  deposition  (1950°  to  2100°  C)  tended  to  give 

a  slightly  tighter  delamination  pattern  toward  the  last  deposited 
surface.  It  was  felt,  however,  that  the  results  were  not  enough 


batter  to  warrant  using  an  increasing  temperature  during  de¬ 
position. 

5«  Nitrogen  dilution  was  found  to  reduce  the  deposition  rate 
significantly,  but  not  to  better  the  deposition  profile. 

6.  In  comparing  two  initial  exhaust  areas  (23  and  50$)  and  two 
initial  nozzle-to-cone-tip  distances  (7-l/2  and  8-l/2in.)  the 
23  percent  area  and  8-l/2  inch  tip  distance  were  found  to  give 
the  most  favorable  deposition  rate  and  wall  thickness  profile. 

7.  An  ^shielded  nozzle  tip  section  (cold  finger)  appeared  to 
improve  the  uniformity  in  wall  thickness  along  the  length  of 
the  cone. 


HECCMMEHDftiCIONB 

Based  on  the  results  of  these  studies,  the  Raytheon  Company  made 
two  recommendations  for  processes  in  reflex  flow  systems  for  the  production 
of  nose  cones. 


For  production  of  graded  borcn-alloyed  material; 


Temperature 

Pressure 

Flow  Rate 
BCl^  Flow  Rate 
Nozzle  orifice  size 
Initial  nozzle 
position 
Withdrawal  rate 
Exhaust  area 
Cold  finger 


20C0°C 
3  torr 

4.7  lpm  (~10  cfh) 

graded  from  0.005  to  0.03  lpm 

100  mils 

8-1/2  inches  from  tip 
l/8  inch  each  5  hour 3 
23  percent 

l-l/2  inch  unshielded  nozzle  tip 


which  should  give  deposition  rates  of  I5.5  mils/hr  in  the  tip,  3.3  mils/hr 
at  the  maximum  wall  rate  position  (near  the  skirt)  and  3.0  mils/hr  at  the 
minimum  wall  thickness  position. 


For  production  of  constant  level,  boron-alloyed  material: 


Temperature 
Pressure 
CJfy  Flow'  Rate 
BClg  Flow  Rate 
Nozzle  orifice  size 
initial  nozzle 
position 
Withdrawal  rate 
Exhaust  area 
Cold  finger 


2000°C 
3  torr 

4,7  1pm  (~10cfh) 

0.04  1pm 
100  mils 

8-1/2  inches  from  tip 
1/8  inch  each  5  hours 
23  percent 

1-1/2  inch  unshielded  nozzle  tip 


which  should  give  deposition  rates  of  30.6  mils/hr  in  the  tip,  7.4  mils/hr. 


1 


at  the  maximum  mil  rate  position  (near  the  skirt),  and  4.8  mils/hr  at 
the  minimum  vail  rate  position. 

Cone  rotation  vith  respect  to  the  nozzle  ms  recommended  for  both 
of  these  tentative  processes. 


* 
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IX  SPECIAL  STUDIES 


While  the  primary  studies  were  being  carried  out  on  straight- 
through  and  reflex  flow  systems,  special  studies  were  done  to  investigate. 

1.  Process  modifications,  such  as  the  use  of  unsaturated 
hydrocarbons  and  the  use  of  special  nozzles  designed 
to  introduce  turbulence  in  the  gas  flows. 

2.  Interrupted  deposition,  for  the  introduction  of 
delaminations  at  will  to  allow  thicker  deposits 
for  a  given  radius  of  curvature. 

3.  Development  of  a  process  and  the  manufacturing  technology 
for  production  of  hafnium-alloyed  pyrolytic  graphite. 

4.  Additive  studies,  for  determining  the  effects  of 
impurities  in  a  hydrocarbon  gas. 

General  Electric  Company,  Re-Entry  Systems  Department  at  King 
of  Prussia,  Pennsylvania,  carried  out  the  work  in  the  first  three  areas 
on  subcontract.  The  first  area  was  then  extended  into  studies  for  boron- 
alloyed  pyrolytic  graphite  by  the  contractor,  General  Electric  Company, 
Metallurgical  Products  Department,  at  Detroit. 

The  fourth  area  was  carried  out  on  subcontract  at  Rensselaer 
Polytechnic  Institute,  Troy,  New  York.  The  work  subsequently  provided 
the  basis  for  the  degree  Master  of  Science  for  Mr.  Barry  Butler,  under 
the  direction  of  Dr.  R.  J.  Diefendorf  at  S. P.I, 

A.  TURBULENT  NOZZLE  STUDIES  (Task  3. 2. 1.3) 

According  to  the  Work  Statement,  "Controlling  gas  flow  patterns 
in  nose  tips  tri.ll  be  evaluated  as  a  means  of  achieving  proper  axial 
thickness  distributions  and  delamination  patterns  in  the  nose  tips.  The 
techniques  to  be  used  include  nozzles  which  produce  turbulent  conditions 
particularly  ir  the  nose  tip  region.  Comparison  will  then  be  made  between 
the  deposition  rate  and  deposit  characteristics  for  materials  made  under 
both  laminar  and  turbulent  gas  flow  conditions," 

BACKGROUND 

It  can  be  shown  analytically  that  residual  stresses  resulting  from 
the  anisotropy  in  thermal  expansion  characteristics  may  cause  delaraina- 
tions  to  develop  in  pyrolytic  graphite  when  the  radirl  stress  exceeds 
1500  psi.  Once  a  delamination  has  developed,  however,  a  radial 
stress  of  only  500  psi  is  sufficient  to  cause  it  to  propagate.  Nose 
cones  with  small  nose  radii  and  small  half  angles  have  a  high  t/r 
and  thus  high  stresses  are  developed  during  cool-down  from  deposition 
temperatures  oi  about  4000°F  even  with  a  relatively  thin  deposit 
thickness.  This  condition  is  aggravated  as  the  deposit  thickness 
is  increased  using  "state  of  the  art"  techniques.  These  conventional 
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techniques  produce  nose  cones  where  the  deposition  rate  in  the  tip 
and  the  side  walls  near  the  tip  are  essentially  equal.  This  results 
in  a  growth  pattern  in  the  n03e  tip  region  where  the  radius  of 
curvature  is  continually  decreasing  as  illustrated  in  Figure  130a. 

This  type  of  growth  pattern  causes  a  large  number  of  delaminations 
to  develop  in  the  nose  tip  region  and  propagate  into  the  skirt  region 
of  the  cone  to  a  point  where  the  radial  stresses  are  less  than  the 
"c"  direction  strength  of  the  material.  If  the  deposition  rate  in 
the  nose  tip  can  be  substantially  increased  without  increasing  the 
deposition  rate  along  the  length  of  the  cone,  the  radius  of  curvature 
on  which  new  material  is  being  deposited  will  be  continually  increas¬ 
ing.  This  would  result  in  a  decreasing  t/r  with  its  associated  lower 
stresses.  Thus  fewer  delaminations  would  develop  during  the  cool-down 
portion  of  the  fabrication  cycle. 

Another  major  advantage  of  increasing  the  deposition  rate  in  the  tip 
region  is  that  an  improved  delamination  pattern  would  result.  Delam- 
inacions  propagate  along  deposit  thickness  growth  profiles.  In  early 
state  of  the  art  nose  tips  the  delaminations  as  illustrated  in 
Figure  130a  almost  come  to  a  point  about  1/4  inch  behind  the  tip  for 
1/4*'  nose  radius  components.  If  any  recession,  caused  by  ablation 
or  erosion  during  use  occurred,  the  delaoinations  in  the  tip  region 
would  become  almost  parallel  to  the  flow  field  around  the  tip.  Thus 
high  shear  forces  would  act  on  both  edge  planes  of  the  material  and 
at  delaminations.  If,  however,  cones  were  deposited  with  the  radius 
of  curvature  always  increasing,  any  delaminations  that  did  develop 
during  the  process  would  be  essentially  parallel  to  the  outer  contour 
of  the  nose  tip.  The  flow  field  developed  during  re-entry  would  be 
essentially  parallel  to  the  outer  contour  of  the  nose  cone.  Therefore, 
as  recession  occurred,  edge  planes  of  the  material  and  delaminations 
would  not  be  exposed  to  the  high  shear  forces  encountered  during  re¬ 
entry  and  thus  improved  performance  would  result. 

An  understanding  of  the  gas  dynamics  occurring  within  a  reflex  flow 
pyrolytic  graphite  deposition  chamber  is  difficult  to  achieve.  Some 
of  the  many  factors  which  must  be  considered  important  to  understand¬ 
ing  these  gas  dynamics  are  (1)  the  mixing  of  gases  passing  through 
an  orifice  at  an  initial  pressure  of  40-500  mm  Hg  into  a  deposition 
chamber  at  a  pressure  of  2-6  mm  Hg,  (2)  the  heating  and  subsequent 
dissociation  of  the  gases,  (3)  the  gas  interactions,  and  (4)  the 
expansion  of  the  gases  as  they  are  further  heated.  The  non-reproduci- 
bility  in  the  fabrication  of  state  of  the  art  pyrolytic  graphite  nose 
cones  before  this  contract  could  be  the  result  of  operating  under 
conditions  that  were  border-line  between  turbulent  and  laminar  flow. 

A  review  was  made  of  empirical  information  concerning  deposition 
processes  in  the  fabrication  of  these  nose  cones.  In  this  review, 
the  qualitative  effects  of  jet  impingement  fluid  mechanics  were 
utilized  to  aid  in  interpretation  of  results. 

A  schematic  diagram  of  the  fluid  mechanics  model  of  the  pyrolytic 
graphite  nose  tip  deposition  process  is  shown  in  Figure  131.  A 
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cold  methane  jet  expands  from  the  nozzle  chamber  pressure  into  the 
low  ambient  pressure  within  the  pyrolytic  graphite  deposition  chamber. 
Impingement  of  this  jet  in  the  tip  region  is  followed  by  a  reverse 
flow  wall  jet  along  the  conical  skirt.  For  typical  inlet  pressures 
(400  mm  Hg  absolute  injector  pressure,  5  mm  Hg  absolute  chamber 
pressure)  and  nozzle  exit  diameter  (.069)  inches),  the  Reynolds  Number 
of  the  jet  based  on  fully  expanded  flow  properties  and  jet  diameter 
is  approximately  10,000.  This  value  of  Reynolds  number  is  well  above 
the  limit  of  1000  to  2000  required  for  transition  from  laminar  flow 
(Ref  66)  hence,  the  jet  is  undoubtedly  turbulent  prior  to  impinge- 
ment.  The  impingement  region  involves  highly  complex  processes  due 
to  the  rapid  temperature  3.nuC’«e  of  the  gas  caused  by  convective 
heat  transfer  from  the  hot  mandrel  surface.  The  state  of  the  local 
wall  jet  flow  in  the  impingement  region  (laminar  or  turbulent)  is 
dependent  upon  a  Reynolds  number  based  on  local  flow  properties  and 
characteristic  length  such  as  momentum  thickness  of  the  wall  jet 
boundary  layer.  A  small  region  of  laminar  flow  is  possible  in  the 
stagnation  region  followed  by  transition  to  turbulent  wall  jet  flow. 
Expansion  from  stagnation  region  pressure  to  the  ambient  pressure 
causes  a  decrease  in  gas  density.  Simultaneously,  a  decrease  in  gas 
velocity  is  caused  by  the  mixing  effects  characteristic  of  wall  jet 
flows.  The  resulting  decrease  in  local  Reynolds  number  with  distance 
from  the  impingement  region  eventually  may  cause  a  return  to  laminar 
flow.  These  flow  regimes  are  illustrated  schematically  in  Figure  132, 
and  appear  to  agree  qualitatively  with  certain  of  the  experimental 
deposition  results. 

Since  the  deposition  rate  is  a  function  of  local  turbulence  level, 
residence  time,  and  gas  temperature,  the  variations  in  local  flow 
conditions  will  cause  corresponding  variations  in  deposition  rate. 
Increased  deposit  thicknesses  in  the  impingement  region  should  result 
from  increases  in  jet  Reynolds  number  and  jet  turbulence  level.  Even 
if  a  small  laminar  flow  region  exists  in  the  impingement  region,  it 
is  well  known  that  increased  free  stream  turbulence  causes  increased 
laminar  stagnation  point  heating  (e.g.,  Ref.  67).  Hence,  devices 
for  Increasing  the  jet  turbulence  level  should  be  beneficial  towards 
Increased  stagnation  point  deposit  thickness.  An  increase  in  mass 
flow  rate  would  increase  the  Reynolds  number,  but  would  also  require 
a  longer  distance  from  the  stagnation  point  for  the  wall  jet  flow 
to  be  heated  to  a  given  temperature. 

EXPERIMENTAL  CONDITIONS  SELECTED 


Previous  discussions  with  various  investigators  had  ruled  out  the  use 
of  a  device  such  as  a  smoke  generator  to  study  gas  flow  patterns  in 
a  pyrolytic  graphite  deposition  chamber.  The  pressure  differential 
and  the  driving  force  can  be  simulated  but  it  is  not  possible  to 
incorporate  the  effects  of  gas  decomposition  and  subsequent  8- Told 
expansion  on  heating. 

A  meaningful  demonstration  model  did  not  appear  feasible  and  prtU- 
nary  analytical  techniques  were  not  conclusive  due  to  unknown  p.  * 
meters  within  the  deposition  chamber;  therefore,  the  folio- i-. 
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experltaarifcal  approach  was  evolved, 

1,  A  no ae  tip  was  to  be  fabricated  using  conventional 
processing  techniques  without  boron  additions  to 
provide  base  line  data  for  evaluating  the  effective¬ 
ness  of  various  turbulent  creating  devices, 

2,  A  second  nose  tip  was  to  be . fabricated  with  a  larger 
injector  nozzle  orifice  sire  to  evaluate  the  effect 
of  gas  stream  Reynolds  number  on  deposit  thickness 
profile.  The  orifice  sire  was  to  be  chosen  so  ae 

to  produce  a  significant  decrease  in  Reynolds  number. 

3#  A  diffuser  cap  was  to  he  designed  for  creating 
turbulence  as  the  gas  is  ejected  from  the  nozzle, 

A  third  nose  tip  was  to  be  subsequently  fabricated 
to  evaluate  the  effect  of  turbulence  created  in 
this  manner. 

4,  If  necessary,  two  additional  nozzles  ware  to  be 
designed  and  fabricated  to  create  turbulence  by 
such  means  as  a  swirling  action  from  the  nozzle 
or  a  mixture  of  a  high  velocity  and  lower  velocity 
gases  in  the  nose  tip  region.  As  required,  additional 
hose  tips  were  to  be  fabricated  with  these  nozzles 
and  the  results  evaluated. 

The  results  of  previous  pyrolytic  graphite  nose  cone  studies  established 
general  ground  rules  on  which  the  parameters  for  this  study  were 
selected.  For  example,  it  was  fairly  well  established  that  a  restric¬ 
tion  is  required  between  the  exit  (open)  end  of  the  cone  and  the 
furnace  chamber.  This  restriction  does  several  things.  First,  it 
increases  the  residence  time  of  the  ga6  in  the  deposition  chamber; 
secondly,  it  undoubtedly  increases  the  local  pressure  within  the 
deposition  chamber;  and  finally,  it  alters  the  exhaust  gas  flow  path. 

The  results  obtained  with  this  type  of  restriction  are  (1)  increased 
deposition  rate  in  the  tip,  and  (2)  a  more  uniform  wall  thickness. 

Other  factors  such  as  mandrel  thickness,  deposition  pressure,  gas 
flow  rates,  and  deposition  time  had  been  fairly  well  established. 

Previous  work  with  boron-alloyed  pyrolytic  graphites  in  nose  cone 
configurations  had  demonstrated  that  boron  has  a  catalytic  effect 
on  pyrolytic  graphite  deposition  rates.  The  catalytic  effect  of 
boron  additions  has  been  used  by  various  pyrolytic  graphite  producers 
to  fabricate  boron-alloyed  pyrolytic  graphite  nose  cones  with  a 
deposition  rate  in  the  tip  up  to  8  times  greater  than  the  deposition 
rate  along  the  skirt  region.  This  catalytic  effect  is  graphically 
illustrated  in  Figure  133;  however,  this  effect  is  somewhat  difficult 
to  use  so  that  two  cones  made  under  supposedly  identical  conditions 
would  often  have  greatly  different  stagnation  thickness.  This  non¬ 
reproducibility  could  be  due  to  several  things.  Boron-alloyed  pyrolytic 
graphite  tends  to  deposit  in  dendritic  fashion  when  the  temperature 


is  in  ih®  1500»16CC°S  zmg s.  dsndritis  deposits  gg®$r-dlly  «©s«r 

in  the  cooler  sons#  of  the  deposition  chamber,  two  ssts©a  that  ate 
stoat  effected  ere  the  exhaust  stack  frost  the  ehmbsr  sr4  the  surfess 
of  the  water-cooled  injector  nestle,  Sasidrifcic  growths  can  cause 
closures  of  the  exhaust  stack  and  build  up  a  deposit  stt  the  injector 
nozzle  so  that  gas  flow  is  impeded,  These  growths  vara  impf&H&i&tti* 
and  probably  were  the  causa  of  a  majority  of  variations. 

Because  of  the  unpredictable  deposition  characteristics  of  tha  baron 
pyrolytic  graphite  in  the  cooler  regions  of  tha  furnace*  boron  addi¬ 
tions  were  sot  used  In  this  study.  It  ms  felt  that  boron  cafcslyfcie 
effects  and  the  variations  that  have  been  experienced  would  mask  the 
induced  turbulent  effects.  Hydrogen  gas  was  used  m  a  diluent. 

Hydrogen  had  been  reported  to  lower  tha  deposition  rata  hut  to  giv® 
a  deposit  of  good  microstruetur©. 

As  previously  discussed*  analytical  techniques  cannot  be  used  to 
determine  exact  changes  required  to  the  pyrolytic  graphite  process 
or  to  the  injector  nozzle  design  to  induce  a  specific  gas  flow 
pattern.  Furthermore,  the  degree  of  turbulence  required  to  produce 
the  desired  deposit  thickness  profile  is  unknown. 

Taylor  and  VonKaiaan  (in  Ref,  68)  described  turbulence  as  fallows: 
"Turbulence  is  an  irregular  motion  which  in  general  makes  its  appearance 
in  fluids,  gaseous  or  liquid,  when  they  flew  past  solid  surface  or 
even  when  neighboring  streams  of  the  seme  fluid  flow  past  or  over  one 
another."  This  definition  indicates  that  turbulence  can  be  generated 
by  friction  forces  at  fixed  walls  (flow  through  conduits,  flow  past 
bodies)  or  by  the  flow  of  layers  of  a  fluid  with  different  velocities 
past  or  over  one  another. 

Using  the  implications  of  this  definition,  several  concepts  were 
considered  to  create  and/or  increase  turbulent  flow  within  the  mandrel 
deposition  chamber.  These  were  (i)  a  diffuser  cap  (flow  past  a  body) 

(2)  a  "Swirler"  insert  (a  combination  of  flow  past  a  body,  and  flow 
of  layers  of  a  fluid  with  different  velocities  past  or  over  one  another) 
and  (3)  a  dual  injector  to  introduce  gas  at  different  velocities  (flow 
of  layers  of  fluids  with  different  velocities).  Definition  of  the 
nozzle  configuration  rsquired  to  obtain  a  specific  confl  geometry  could 
only  be  obtained  by  conducting  experiments  with  design  concepts  empir¬ 
ically  selected  on  the  basis  of  chemical  engineering  technology,  and 
previous  empirical  data.  To  properly  assess  the  effect  of  turbulence, 
however,  it  was  necessary  to  establish  a  reference.  Two  base  lino 
runs  were  made  using  identical  process  parameters  except  for  injector 
nozzle  orifice.  With  these  deposit  thickness  profiles  for  reference, 
the  additional  nose  tips,  which  were  fabricated  using  turbulent  creat¬ 
ing  devices,  could  be  evaluated.  Table  XXXVI  shows  the  deposition 
conditions  used  in  these  studies. 
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fm  results  are  susmarizsd  in  fat? Is  JKXVXX,  Fosr  conveniens©, 

a  of  the  tm&  fellewe. 

Mm  Mm  gxpagfeaent  (Hess  Cone  321^1),  This  experiment  was  epn» 
ducted  using  a  conventional  wates-eealed  injects?  nozal©  with  an 
stifle#  el  0,069  inches.  Calculations  So?  the  process  parameters 
uilfed;  (e««  Tafei®  XXXVX)  shew  the  jet  Reynolds  number  for  this  experi¬ 
ment  to  h®  about  10,000,  This  nose  cos©  was  deposited  without  any 
indications  of  process  fluctuations. 

Figure  134  shows  the  furnace  setup  used  throughout  these  experiments. 
The  process  parameters  are  listed  in  T&ele  XXXVI  and  except  for 
modifications  of  the  injector  nosssls  to  change  flow  patterns  of  the 
gases,  the  same  deposition  parameters  were  used  throughout  this  task. 

Figure  135  it  a  photograph  of  the  cone  and  Figure  136  is  a  radio** 
graphic  positive  illustrating  the  axial  thickness  profile.  Figure 
137  is  a  curve  of  the  deposition  thickness  profile.  The  nose  tip 
had  a  thickness  of  0.280  inches  and  the  minimum  wall  thickness  was 
O.O50  inches.  Thw  minimum  wall  thickness  occurred  about  2-1/2 
inches  from  the  tip  of  the  cone.  The  average  deposition  rate  in 
the  tip  was  7  milo/hour  and  at  the  minimum  wall  thickness  the  deposi¬ 
tion  rate  was  only  slightly  greater  than  1  mil/hour.  This  nose  tip 
had  a  typical  delmnination  pattern  which  followed  the  growth  profile 
shown  in  Figure  137.  The  material  was  fine  grained  and  free  of 
axial  cracks.  The  outer  surface  was  spalled  due  to  poor  mandrel 
pretreatment,  but  this  had  no  significant  effect  relative  to  deposit 
thickness  profile. 

Base  Line  Experiment  (Nose  Cone  3213-2).  A  second  base  line  experi¬ 
ment  was  made  to  establish  the  effect  of  orifice  size  (Reynolds  number) 
on  deposit  thickness  profile  for  unalloyed  pyrolytic  graphite. 
Increasing  the  orifice  size  to  0,250  significantly  reduced  the  jet 
Reynolds  number  for  the  gas  as  it  exited  from  the  nozzle.  Using 
the  same  process  conditions  and  furnace  setup,  the  calculated  jet 
Reynolds  number  was  reduced  from  approximately  10,000  for  the  0.069 
inch  orifice  to  about  750  for  the  0,250  inch  orifice.  Figure  138 
is  a  photograph,  Figure  139  is  a  radiographic  positive,  and  Figure 
140  summarizes  the  deposit  thickness  profile  for  this  cone.  The 
results  show  that  reducing  the  Reynolds  number  decreased  the  tip 
thickness  from  280  mils  to  about  220  mils.  The  deposition  rate  at 
the  base  of  the  cone  was  also  less  than  for  nose  cone  3213-1.  The 
material  was  fine  grained  and  free  of  cracks;  however,  the  mandrel 
could  not  be  easily  removed  from  the  tip  and  the  cone  was  damaged 
during  this  operation  as  indicated  in  Figure  138. 

First  Diffuser  Cap  Experiment  (Nose  Cone  32:3-3).  With  a  reference 
established,  a  diffuser  cap  was  designed  and  fabricated.  The  cap 
was  designed  to  induce  and/or  increase  turbulence  In  the  nose  tip 
region.  The  design  of  the  cap  is  shown  in  Figure  141  and  Figures 
142  and  143  are  photographs  of  the  part.  After  several  preliminary 
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experiments  were  completed  to  verify  the  design  and  attachment 
methods,  a  nose  tip  was  fabricated  using  process  parameters  identi¬ 
cal  to  those  used  in  the  base  line  experiments. 

Figure  144  is  a  photograph,  Figure  145  is  &  radiographic  positive 
and  Figure  146  summarises  the  deposit  thickness  profile  for  this 
cone.  The  results  show  that  the  diffuser  cep  greatly  enhanced  the 
deposition  rate  in  the  nose  tip  region.  His  tip  thickness  was  some¬ 
what  lees  than  for  the  base  line  experiments  but  this  was  mere  than 
offset  by  the  greatly  Increased  deposit  thickness  from  the  region 
1/2  inch  behind  the  tip  to  about  3  inches  from  the  tip  and  the  fact 
that  the  wail  thickness  from  station  3  to  the  base  of  tfc®  cone  was 
very  uniform.  The  deposit  profile  gussaarized  In  Figure  146  chow® 
that  the  rone  of  low  deposit  thickness  was  eliminated  which  had 
been  one  of  the  major  objectives  of  this  task.  The  uni for©  wall 
thickness  achieved  in  this  experiment  produced  a  favorable  delsmins- 
ticn  pattern, 

A  review  of  the  radiographs  for  this  nose  tip  indicated  that  the 
stagnation  thickness  could  be  substantially  Increased  if  the  deposi¬ 
tion  cycle  had  been  longer.  If  was  decided  to  adapt  nose  cone 
3213-3  to  allow  processing  for  an  additional  15  hours. 

Hose  Cone  3213-4  (Cone  3213-3  with  an  Additional  15  Hour®  Deposit). 

The  nose  cone  fabricated  with  the  diffuser  cap  was  placed  back  in 
the  furnace  for  an  additional  fifteen  hours  of  deposit.  During  the 
heat-up  cycle,  hydrogen  gas  continually  swept  the  surface.  Identical 
process  parameters,  furnace  setup  and  nozzle  configuration  were  used 
as  for  the  earlier  run.  Figure  147  is  o  photograph,  Figure  148  is 
a  radiographic  positive  and  Figure  149  summarizes  the  deposit  thick¬ 
ness  profile.  The  additional  15  hours  gave  favorable  results^  the 
tip  thickness  was  increased  to  400  mils  end  the  rest  of  the  deposit 
increased  slightly*  A  void  developed,  starting  at  kOO  mils  behind 
the  tip,  but  this  was  due  to  either  some  misalignment  of  the  nozzle 
or  to  the  selected  parameters.  This  void  could  be  eliminated  with 
proper  adjustments  to  the  system.  Neither  the  radiographic  films 
nor  a  visual  examination  of  the  base  of  the  nose  tip  indicated  where 
the  deposition  cycle  was  interrupted.  The  cone  was  fine  grained 
and  free  of  cracks. 

Nose  Cone  3213-6  ,  Examination  of  the  radiographs  of  the  cones 
deposited  with  the  diffuser  cap  indicated  that  the  stagnation  thick¬ 
ness  might  be  greatly  enhanced  if  the  nozzle  were  moved  closer  to 
the  tip.  The  maximum  deposition  rate  on  the  previous  cones  occurred 
about  3/4"  behind  the  tip.  Therefore,  another  furnace  run  was  made 
using  identical  process  parameters,  except  the  nozzle  was  placed 
7-3/4"  below  the  tip;  whereas,  on  all  previous  cones,  the  nozzle 
position  was  at  8-1/2  Inches.  Figure  150  is  a  radiographic  positive 
and  Figure  151  summarizes  the  deposit  thickness  profile  of  this  cone. 
Moving  the  nozzle  3/4"  closer  to  the  tip  increased  the  tip  thickness 
from  175  mils  to  220  mils,  and  decreased  the  wall  thickness  from 
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about  150  jails  to  80  mils.  These  resale  were  ygry  premising.  The 
growth  profile  achieved  In  this  experiment,  as  in  the  previous  exper¬ 
iments  with  a  diffuser  cap  would  produce  nose  cosea  with  a  favorable 
delaminatloa  pattern,  The  relatively  low  deposition  rate  in  the 
skirt  region  of  the  con©  is  not  deleterious  sine©  for  hardware  the 
overall  thickness  requirement  lh  both  the  tip  and  wall  thickness 
would  have  to  he  increased, 

goggle  Orifice  Insert  (Hose  C<ue  3213-5),  Another  methyl  of  inducing 
turbulence  or  Increasing  turbulence  leyel  in  the  nos©  tip  region  is 
to  cause  the  gas  stream  to  have  a  rotating  or  "swirling0  actios  as 
it  leaves  the  injector  sot z Is  orifice  and  enters  the  deposition 
chamber.  This  concept  was  implemented  by  machining  a  thin-walled 
copper  insert  ©pen  at  one  end  and  closed  at  the  other  end.  The 
closed  end  had  two  slot®,  perpendicular  to  each  other,  machined 
through  the  wall  to  form  four  surface  quadrants.  The  slots  were 
1/32"  wide  and  3/16"  long  and  the  four  quadrant  surfaces  were  con¬ 
toured  as  shown,  in  figure  152,  The  contoured  feces  were  shaped  to 
induce  a  "swirling"  effect  so  that  the  combination  of  orifice  restric¬ 
tion  and  "swirling"  action  would  create  turbulence.  The  machined 
Insert  was  then  press-fitted  into  the  orifice  with  the  slotted  end 
1/2”  down  in  t he  orifice. 

An  experiment  using  the  earns  process  setup  as  for  previous  nose  cones 
was  made  with  this  assembly.  Figure  153  is  a  photograph.  Figure  154 
is  &  radiographic  positive,  and  Figure  155  summarizes  the  deposition 
profile  of  this  nose  tip.  The  stagnation  thickness  was  only  105  mils 
and  the  average  wall  thickness  was  less  than  those  obtained  in  the 
reference  runs.  The  results  of  this  run  indicate  that  the  effects 
of  an  insert  in  the  nozzle  orifice  does  not  improve  either  the  deposi¬ 
tion  rate  or  the  deposit  thickness  profile, 

SUMMARY  AMP  CONCLUSIONS 

Six  nose  cones  were  deposited  using  identical  process  parameters  except 
for  attachments  to  the  injector  nozzle  or  a  change  in  nozzle  orifice  size 
to  give  various  gas  flow  characteristics.  The  results  showed  that 
altering  the  nature  of  the  gas  flow  materially  changed  the  deposition  rates 
and  the  deposit  thickness  profiles  obtained  in  nose  cone  tips. 

Two  experiments  were  made  to  investigate  the  effect  of  jet  Reynolds  number 
on  deposit  thickness  profile.  In  one  experiment,  the  Reynolds  number  of 
the  gas  leaving  the  injector  nozzle  was  about  10,000  which  is  well  above 
the  transition  from  laminar  to  turbulent  flow  while  the  other  experiment 
had  a  Reynolds  number  about  750  which  is  well  below  the  transition  point. 
The  experiment  with  the  high  Reynolds  number  had  a  slightly  higher 
deposition  rate  in  the  nose  tip  thickness. 

One  of  the  two  concepts  investigated  for  creating  turbulence  in  the  tip 
region  of  nose  cones  did  not  increase  the  deposition  rate.  In  fact,  this 
concept,  which  was  intended  to  give  a  swirling  action  to  the  gas  stream 
as  it  left  the  nozzle,  actually  produced  a  cone  with  a  tip  thickness  of 
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less  than  105  ails  and  a  very  thin  wall  deposit* 

The  other  concept  investigated,  a  diffuser  cap  oyer  the  sad  of  the  nozzle 
to  create  turbulence,  gave  encouraging  results*  The  cones  fabricated 
with  the  diffuser  cep  bed  a  uniform  wall  thickness,  did  not  have  a  mini- 
mum  deposit  thickness  region  near  the  shirt  and  showed  promise  of  produc¬ 
ing  cones  with  .acceptable  nose  tip  thickness* e*  The  actual  cones  deposited 
had  relatively  little  thickness  at  the  tip,  hut  the  deposition  raids  3/8'' 
from  the  tips  were  high.  It  appears  entirely  feasible  to  shift  the 
maximum  deposition  rate  from  about  3/8“  below  the  tip  region  into  the 
tip  region  itself.  Slight  variations  in  no$2le  position,  gas  flow  rates, 
diffuser  cap  design  and/or  deposition  pressure  might  lead  to  substantial 
improvements . 

The  following  conclusions  were  drawn  from  the  results  of  these  studies 
by  GE-RSDj 

1)  deposit  thickness  profiles  can  he  significantly  altered 
by  variations  in  gas  flow  patterns* 

2)  A  diffuser  cap  attached  to  a  standard  Injector  nozzle  can 
be  utilized  to  create  turbulence  which  leads  to  favorable 
deposit  thickness  profiles* 

3)  Cones  fabricated  with  unalloyed  pyrolytic  graphite  were 
fine  grained  and  free  of  cracks  as-deposited*  Enhancement 
in  nose  tip  deposition  rate  over  skirt  deposition  rate  was 
achieved, 

4)  Turbulence  can  be  achieved  in  the  gas  stream  as  it  leaves 
the  Injector  nozzle* 

5)  Devices  to  create  turbulence  that  are  inserted  into  the 
nozzle  do  not  appear  effective  in  increasing  deposition 
rate  in  the  nose  cone  tip  region* 

6)  A  decrease  in  Reynolds  number  from  10,00.0  to  750  slightly 
reduces  deposition  rate  in  both  the  tip  and  skirt  regions* 

7)  The  tungsten  alloy  (85W-15Mo)  used  for  ceps  will  withstand 
vapor  deposition  conditions  for  at  least  100  hours  even 
when  not  water-cooled,  if  properly  designed, 

RECOMMENDATIONS 

The  following  recommendations  were  made  as  the  result  of  these  studies 
in  pyrolytic  graphite  deposition! 

1)  The  results  obtained  in  this  task  did  not  warrant  a  revision 
of  the  program  plan  at  this  time.  That  is,  this  alternate 
process  technique  was  not  favored  to  the  exclusion  of  &  normal 
process  using  boron-alloyed  pyrolytic  graphite. 
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2)  The  results  obtained  in  this  task  could  warrant  further 
studies  ts  optimize  the  Improvement  in  growth  patterns 
•that-  ms  achieved  with  diffuser  taps  attached  to  the 
ini.ec.for  nozzle,  The  other  process  variables  might  he 
•varied  to  obtain  hatter  results, 

3)  jferoh-alieyed  pyrolytic  graphite  nose  tips  should  he 
fabricated  and  evaluated  using  the  diffuser  cap  concept, 

it  was  this  last  -recsaisendatlon  -which  led  to  the  inclusion  of  the  next 
hash  -in  the  revised  Herk  Statement, 


According  to  the  Work  Statement,  “Turbulent  nozzles  will  he 
evaluated  for  use  with  inlet  gas  streams  containing  boron  trichloride, 
for  the  production  of  boron-alloyed  pyrolytic  graphite  nose  cones  with 
satisfactory  deposition  thickness  profiles, 11 

BACK@0UOT3 

Work  in  lash  3,2, 1,3  showed  that  turbulent  nozzles  of  a  "shower-head" 
design  were  able  to  provide  .some  alteration  in  the  deposition  thick¬ 
ness  profile  when  used  in  pyrolytic  graphite  nose  cones.  Although 
the  results  were  not  quite  adequate  for  She  production  of  flightworthy 
hardware,  it  appeared  feasible  .to  combine  this  effect  with  that  of 
catalysis  from  boron  trichloride  to  produce  satisfactory  nose  cones 
of  boron-alloyed  pyrolytic  graphite, 

EXPERIMENTAL  .COWDITiaNS  SELECTED 

Seven  nose  cones  were  deposited  in  this  task.  One  was  fabricated  of 
pyrelyti c  graphite,  using  a  "shower-head"  type  diffuser  .cap  similar  to 
the  one  recommended  for  continued  study  in  Task  .3,2, 1,3,  This  deposit 
served  as  a  base  line  for  the  balance  of  the  experiments.  The  balance 
of  the  runs  were  to  he  boron-alloyed  and  were  designed  to  evaluate  nozzle 
caps  and  their  effect  on  deposition  profiles  and  delamination  patterns. 

Table  XXXyilX  shows  the  number  of  deposits  made  (7)  and  the  deposition 
conditions  for  each  one.  Figure  156  shows  the  assembly  used  to  carry 
out  the  deposition.  The  diffuser  caps  were  bonded  to  a  stainless  steel 
nozzle  using  Sermelel  Allen  PBX  ceramic  cement  and  Sermelel  Allen  "P" 
solvent. 


RESULTS 

MMHMMKW 

Run  6048  was  the  base  line  run  for  the  task.  Figure  157  shows  the  cap 
used  in  this  run.  This  cap  was  identical  in  design  to  the  cap  judged  most 
faborable  in  Task  3, 2.1,3,  but  the  material  of  construction  was  graphite 
Instead  of  arc-cast  tungsten  alloy.  Earlier  work  at  GE-MPD  had  Indicated 
that  graphite  was  a  suitable  construction  material  for  the  cap  and  was 
more  easily  machined  than  the  tungsten  alloy. 
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This  run  was  completed  without  difficulty  figures  158  and  159  are 
pictures  of  the  nozzle  cap  before  end  after  deposition,  and  figures 
160  end  161  ere  more  detailed  views  of  the  cap’s  o,d,  end  l,d,  after 
deposition-  All  flow  passages  in  the  cep  were  open  after  the  -run. 

Figure  162  is  the  deposition  profile  for  the  deposit,.  Figure  16.3  is 
e  cross-section  of  the  nose  region  viewed  at  5X.  This  -view  ’.was  prepared 
by  potting  both  the  i,d,  and  o,d.  of  the  cone  nose  region  .in  &  self-harden¬ 
ing  plastic.-  The  nose  was  then  cut  off  using  an  abrasive  wheel.  The 
resulting  encased  nose  piece  was  cut  slightly  off  axis  but  -pars! lei  to 
it,  and  then  polished  back  by  mechanical  methods  as  close  to  on-axis  as 
possible.  Figure  162  indicates  that  the  material  in  the  nose  was  highly 
regenerative,  delaminated  about  the  same  as  the  walls,  and  was  cracked. 


The  second  run  ..(6049)  was  planned  to  be  the  same  as  -6048  hut  'With  heron 
trichloride  added  as  a  reactant.  This  run  was  terminated  after  1-1/4 
hours  due  to  a  plugged  gas  feed  system,  .Subsequent  examination  indicated 
that  the  diffuser  cap  was  plugged.  Figure  164  is  a  picture  of  tb  i  cap 
after  sectioning.  The  small  chamber  above  the  nozzle  in  the  cap  was 
filled  with  a  low  density  pyrolytic  deposit  which  blocked  the  flow  path 
between  the  nozzle  orifice  and  the  nozzle  cap  holes.  Apparently,  the 
diffuser  cap  temperature  was  such  that  the  deposition  rate  within  the 
cap  was  sufficiently  low  to  keep  from  plugging  the  .holes  in  an  unalloyed 
deposition  system.  This  same  temperature,  however,  caused  sufficient 
sooting  and  deposit  to  clog  the  passage  when  boron  trichloride  was  added. 

The  third  run  was  then  designed  so  as  to  correct  the  problems  in  6049, 
by  reducing  the  size  of  the  gas  preheat  chamber  in  the  diffuser  cap. 

This  modified  design  is  shown  as  Figure  165,  .Reducing  the  size  of  the 
internal  chamber  also  probably  reduced  the  cap  temperature  since  all 
surfaces  were  moved  closer  to  the  nozzle  which  acts  as  a  heat  sink.  The 
gas  feed  in  this  run  (6051)  was  terminated  after  1-1/4  hours  due  to 
plugging.  Post-run  .examination  of  the  deposition  assembly  and  diffuser 
cap  indicated  that  the  diffuser  cap  had  not  been  seated  properly  ’.when 
Installed,  Figure  166  is  a  cross-section  of  the  cap.  The  top  of  the 
nozzle  was  at  the  base  of  the  soot  deposit  .but  should  have  been  at  the 
point  where  the  l.d.  changes  diameter.  The  gas  did  not  .hay.e  the  reduced 
preheat  planned  for,  nor  was  the  cap  temperature  reduced  as  a  result  of 
the  improper  installation  of  this  cap. 

Run  6052  was  made  with  the  same  modified  cap  as  6051  but  special  pre¬ 
cautions  were  taken  to  insure  that  the  cap  was  properly  installed.  This 
run  was  completed  as  scheduled  and  post-run  examination  indicated  that 
all  cap  passages  were  clear.  Figure  167  is  an  end  -view  of  the  cap  sfter 
deposition.  Figure  168  is  the  profile  of  .the  deposit,  and  Figure  169 
the  nose  region  cross-section.  Figure  168  indicated  that  the  deposition 
profile,  when  boron  trichloride  was  added,  was  modified  as  compared  to 
the  unalloyed  profile.  The  maximum  deposition  rate  occurred  at  the  same 
position  along  the  axis  but  was  40  percent  greater  than  for  the  unalloyed 
deposit.  Figure  169  indicated  that  there  were  three  different  types  of 
material  in  the  nose  region.  The  material  on  the  right  appeared  to  be 
of  normal  density  and  microstructure,  whereas  the  material  in  the  no.se 
was  highly  regenerative  and  contained  soot.  The  material  on  the  left 
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-wall  was  .similar  to  that  on  the  right  with  respect  to  delaminations  hut 
appeared  to  he  -.more  regenerative,  A  misaligned  nozzle  may  have  been 
responsible  for  this  difference.. 

U3ie‘  deposition  conditions  for  the  next  run  (4.064)  were  similar  to  605.2 
except  that  the  diffuser  cep  position  was  moved  one  inch  closer  to  the 
•nose  so  the  effect  of  cap  position  could  be  evaluated.  The  run  was  com¬ 
pleted  'Without  difficulty  end  the  side  and  end  views  of  the  diffuser  cap 
are  shown  as  figures  17 P  and  171*  respectively,,  figure  17.2  is  the  -pro¬ 
file  of  the  deposit  end  figure  17.3  e  cross-section  of  the  nose  region. 

The  profile  indicated  that  the  one  inch  forward  change  in  the  diffuser 
cep  position  increased  the  maximum  deposition  rate  slightly  hut  did  not 
shift  the  -posit ion  of  the  maximum  rate,  figure  173  indicated  that  the 
quality  of  the  deposit  in  the  immediate  nose  area  .deteriorated,  The 
-material  in  this  area  appeared  to  have  been  formed  by  Intermittent 
deposition  of  soot  and  normal  -pyrolytic  graphite. 

■Run  4065  was  deposited  at  conditions  similar  to  4064  and  6052  except  -that* 
in  this  case*  the  diffuser  cap  position  was  withdrawn  one  inch  with  respect 
to  its  position  in  $052,.  Ho  difficulties  were  experienced  in  completing 
the  run  as  planned*  The  diffuser  cap  after  deposition  was  similar  in  all 
respects  to  the  cap  used  in  4064*  shown  as  figure  171*  The  prof lie  of 
this  deposit  is  shown  in  figure  174*  and  indicated  that  its  character¬ 
istics  -were  just  about  the  same  as  *6053..  figure  175  is  a  cross-section 
of  the  nose  and  shows  evidence  of  sooting  just  as  the  two  previous 
runs  did.. 

The  final  run  (4065)  was  deposited  using  deposition  conditions  similar 
to  those  in  the  earlier  runs  hut  with  a  modified  nozzle  cap  design. 

This  cap  is  shown  in  figure  176.  ft  was  similar  to  the  3.04013  cap  in 
that  it  had  the  reduced  preheat  chamber  size  hut  was  different  to  the 
extent  that  a  different  'hole  pattern  was  used,.  This  discharge  pattern 
reduced  the  flow  cross-section  by  3.0%,  The  gas  flow  was  terminated 
after  10  minutes  due  to  a  blocked  gas  feed  system.  P.ostrun  examination 
Indicated  that  the  nozzle  cap  was  plugged  with  pyrolytic  coke.  Indica¬ 
tions  'Were  that  -the  reduced  exit  cross-section  of  the  cap  caused  a  pres¬ 
sure  increase  in  the  preheat  chamber  between  the  top  of  the  nozzle  and 
the  cap— resulting  in  the  formation  of  excessive  soot. 

Profiles  from  these  runs  are  compared  with  one  from  Task  3. 2. 1.3  in 
figure  177.  The  peak  In  the  deposition  thickness  curves  did  not  occur 
at  the  zero  position*  as  desired. 

SUMMARY  AND  CONCLUSIONS 

The  use  of  boron  trichloride  with  turbulent  nozzles  proved  difficult 
because  of  the  increased  sooting  tendency.  Graphite  diffuser  caps  must 
he  designed  with  care  or  clogging  will  occur  as  a  result  of  the  forma¬ 
tion  of  a  sooty  .compact  or  deposit  within  the  cap. 


From  these  studies,  it  was  concluded  that  a  tsossle  c&p  t^acr.  jgS5®sf4M-*> 
increased  the  Reynolds  number  in  the  nose  region  did  ghgsgs  tha  s? 
broadening  the  region  in  which  high  deposition  rates  veto  esper&sss&S.. 
This  broader  sons,  however,  was  displaced  back  fro s  the  nose.  Sash  a 
displaced  peak  deposition  rate  is  undesirable.  Nozzle  caps  appear  to  ! 
useful  but  only  if  unalloyed  deposits  are  to  be  prepared. 

RECOMMENDATIONS 

Unless  further  development  work  were  carried  out,  the  use  of  turbulent 
nozzle  caps  does  not  appear  to  offer  a  better  alternative  for  the  pro¬ 
duction  of  boron- alloyed  pyrolytic  graphite  nose  cones.  Normal  inlet 
nozzles  are  recommended. 


0.  DEPOSITION  FROM  ACETYLENE  (Task  3.4. 2. 3) 

According  to  the  Work  Statement,  "(a)  Chemical  .techniques  for 
modifying  deposit  thickness  profile  will  be  evaluated  for  nose  tips  using 
acetylene  as  hydrocarbon  gas  for  comparison  to  results  for  -methane;  and 
(b)  Acetylene  will  also  be  used  as  the  hydrocarbon  gas,  with  boron 
trichloride  for  producing  boron-alloyed  pyrolytic  graphite  with  modified 
deposit  thickness  profiles." 

■MCKGROUNP  FOR  TASK  3.4.2. 3a 


Whan  methane  or  other  simple  alkanes  are  used  as  the  hydrocarbon 
gas  in  the  deposition  of  pyrolytic  graphite,  unsaturated  and  aromatic 
hydrocarbons  are  produced  during  the  course  of  the  reactions  that 
lead  to  carbon  deposition.  If  unsaturated  and  aromatic  hydrocarbons 
were  used  directly,  under  conditions  where  heavy  sooting  were  pre¬ 
vented,  then  pyrolytic  graphite  might  be  deposited  using  less  thermal 
energy. 

Some  preliminary  investigations  had  been  carried  out,  using  acetylene 
as  a  carbon  source  gas,  prior  to  these  studies.  Dr.  R.  J.  Diefendorf 
(RPI)  studied  the  deposition  kinetics  of  the  pyrolytic  graphite  pro¬ 
cess  using  actylene  as  a  source  gas  while  he  was  a  staff  member  at 
the  General  Electric  Research  laboratory.  Discussions  were  held 
with  Dr.  Diefendorf,  and  his  results  were  factored  into  the  test 
matrix  selected  for  these  studies  by  General  Electric  Company, 
Re-Entry  Systems  Department. 

This  task  was  divided  into  two  phases.  The  first  phase  was  designed 
to  investigate  the  effects  of  (1)  the  methane/acetylene  ratio,  (2) 
the  deposition  pressure  and  (3)  the  deposition  temperature.  The 
eeeond  phase  used  the  results  of  Phase  l  to  deposit  nose  cones. 

EXPERIMENTAL  CONDITIONS  SELECTED-PHASE  1 


The  experiments  in  this  phase  were: 
1)  Methane/ acetylene  Ratio: 


2)  Methane/ Acetylene  Ratio:  1  to  1 

3)  Methane/ Acetylene  Ratio:  1  to  3 

4)  Deposition  Temperature  Series:  X750°C,  1925°C,  2100°C 

To  study  these  effects,  2—1/2  inch  diameter  tubes,  9  inches  long, 
were  deposited.  In  the  first  three  types,  the  effects  of  deposition 
pressures  of  2,  4  and  8  mm  Hg  were  investigated  and  in  the  fourth 
type,  the  methane/ acetylene  ratio  and  the  deposition  pressure  were 
held  constant  while  only  the  deposition  temperature  was  varied. 

Table  XXXIX  shows  the  process  conditions. 

A  deposition  assembly  was  designed  at  GE-RSD  to  insure  a  uniform 
deposit  thickness  profile  along  the  length  of  the  tube.  Figure  178 
is  a  schematic  diagram  of  this  setup.  This  design  proved  to  be  very 
effective. 

RESULTS — PHASE  1 

The  results  of  Phase  1  are  shown  in  Table  XL  and  illustrated  in 
Figures  179  through  198.  The  deposits  obtained  in  these  studies 
were  for  the  most  part  of  good  quality.  As  shown  in  Table  XL,  the 
density  in  almost  every  experiment  conducted  at  2100°C  was  2. 16-2. 18 
gm/cm^,  which  is  representative  of  good  unalloyed  pyrolytic  graphite. 
Two  of  the  experiments  did,  however,  have  a  somewhat  lower  density 
(2-43)  and  (1-41).  No  valid  explanation  could  be  found  for  the  low 
density  in  experiment  2-43  (methane/acetylene  ratio— 3,  pressure — 

4  mm  Hg),  but  the  low  density  may  have  been  the  result  of  some  pro¬ 
cessing  malfunction.  Experiment  1-41  (methane/ acetylene — 1/3, 
pressure — 8  mm  Hg)  had  a  normal  density  at  the  bottom  (inlet)  of 
the  tube  but  a  low  density  at  the  top  (outlet)  of  the  tube.  The  low 
density  at  the  top  of  the  tube  was  attributed  to  the  extremely  high 
deposition  rate  attained  at  this  location  (30  mils/hour). 

The  deposition  rate  increased  with  an  increase  in  deposition  pressure 
in  all  cases.  In  general,  when  identical  conditions  were  used,  the 
deposition  rate  increased  proportional  to  the  square  root  of  the 
deposition  pressure. 

Density  depends  on  temperature  in  the  range  used  in  these  experiments. 
When  the  deposition  temperature  was  lowered  from  2100  to  1925°C  the 
density  decreased  from  %  2.17  to  ^  1.98  gm/cm^,  A  further  reduction 
in  deposition  temperature  to  1750°C  decreased  the  density  to  1.1 
gm/cnr. 

The  deposit  thickness  profiles  obtained  in  these  experiments  are 
shown  in  Figures  179,  180,  181  and  182.  Thickness  was  quite  uniform 
along  the  length  of  the  tubes.  The  deposit  thickness  profiles  for 
the  3  to  1  methane/acetylene  ratio  were  very  uniform  at  2  and  4  ram 
Hg  pressure,  but  decreased  slightly  along  the  length  of  the  tube  at 
8  mm  Hg  deposition  pressure,  as  seen  in  Figure  179.  For  a  1  to  1 
methane  to  acetylene  ratio  the  deposit  thickness  profiles  were  uni¬ 
form  at  all  three  pressures,  as  seen  in  Figure  180.  At  a  1  to  3 


methane  to  acetylene  ratio,  the  deposit  thickness  slightly  increased 
along  the  length  of  the  cone  at  2  and  4  ran  Hg  pressure  and  had  an 
abrupt  change  at  the  center  section  of  the  tube  deposited  at  8  tan  Hg 
pressure.  It  is  interesting  to  note  that  at  a  3  to  1  methane  to 
acetylene  ratio,  the  deposit  thickness  decreased  along  the  length 
of  the  tube,  and  at  a  1  to  3  methane  to  acetylene  ratio,  the  deposit 
thickness  increased  along  the  length.  The  difference  in  the  deposit 
profiles  obtained  at  the  different  raethane/acetylene  ratios  could 
be  the  result  of  the  thermal  conductivities  of  the  gases.  Methane 
has  a  higher  thermal  conductivity  than  acetylene  and  might  be  heated 
more  readily  and  thus  decompose  more'  quickly. 

Figure  181  shows  the  effect  of  deposition  temperature  on  deposit 
thickness  profile.  The  1925°C  deposition  temperature  experiment  had 
an  anomalous  behavior  for  which  no  explanation  could  be  devised. 

The  density  of  the  deposits  at  1925°  and  1750°C  were  too  low  for  use 
as  a  material  for  aerospace  hardware. 

A  summary  of  the  effects  of  deposition  pressure  and  methane/ acetylene 
ratio  on  deposition  rate, -is  shown  in  Figure  183.  Notice  that  rate 
increases  with  both  deposition  pressure  and  acetylene  addition. 

Figures  184  and  194  are  photographs  of  the  deposits  from  these  experi¬ 
ments.  The  mandrel  material  used  for  these  experiments  was  as-machined 
Grade  0,  a  material  available  at  GE-RSD  at  the  time.  Since  the 
object  of  Phase  I  was  to  establish  deposition  kinetics  and  not  to 
evaluate  the  properties  of  the  cylinders  produced,  it  was  not  con¬ 
sidered  necessary  to  use  much  more  expensive,  treated  mandrels.  The 
effects  of  the  "as-machined"  surfaces  of  the  mandrels  on  the  appear¬ 
ance  of  the  deposit  is  evident  in  these  photographs.  The  nodules 
in  some  of  the  cylinders  were  also  due  to  the  mandrel  surfaces. 

Such  nodules  could  be  eliminated  if  aerospace  hardware  were  deposited 
by  using  the  practices  established  in  the  mandrel-related  studies 
of  this  contract. 

Figure  192  shows  the  appearance  of  the  cylinder  made  at  8  mm  Hg 
pressure  and  at  a  methane/acetylene  ratio  of  1/3.  The  appearance 
of  this  material  (deposition  rate  30  mils/hour)  indicates  that  these 
process  conditions  are  about  the  upper  limit  in  pressure  and  acety¬ 
lene  concentration  which  can  be  used  to  deposit  acceptable  material. 

The  microstructure  of  each  tube  was  examined  and  a  photomicrograph 
of  each  part  was  made.  Figure  195  shows  the  microstructure  of  parts 
made  at  a  methane/ acetylene  ratio  of  3.  The  microstructure  of  1-42 
(2  mm  Hg)  and  1-39  (8  mm  Hg)  was  typical  for  unalloyed  pyrolytic 
graphite  except  the  grain  size  was  somewhat  larger  than  normal  for 
the  1-42  experiment.  The  microstructure  of  Experiment  2-43  (4  mm  Hg) 
varied  along  the  length  of  the  tube  as  illustrated  in  the  figure. 

The  microstructure  and  low  density  of  this  part  indicates  some  process 
fluctuation  occurred  during  the  deposition  cycle. 


Figure  196  Illustrates  the  microstructures  obtained  at  methane/ acety¬ 
lene  ratio  si  1  and  afc  2,  4,  8  mm  Hg  deposition  pressure.  All  three 
structures  were  cornel. 


Figure  197  Illustrates  the  microstructures  obtained  at  a  methane/ acety¬ 
lene  ratio  of  1/3  and  a  deposition  pressure  of  2,  4  and  3  mm  Hg. 

The  microstructures  at  2  and  4  mm  Hg  pressure  were  normal;  however, 
at  8  mm  Hg  deposition  pressure,  the  structure  Varied  along  the  length 
of  the  part.  It  was  large  grained  at  the  bottom  (inlet)  of  the  tube 
but  was  fine  grained  at  the  top. 

The  effect  of  deposition  temperature  on  microstructure  is  illustrated 
in  Figure  198.  At  2100°C,  the  structure  was  normal,  at  1925°C  the 
structure  was  large  grained,  and  at  1750°C  the  structure  had  a  "washed- 
out"  appearance. 

SUMMARY  AND  CONCLUSIONS— PHASE  1 

The  results  of  Phase  1  may  be  summarized  as  follows: 

1.  The  deposition  rate  increased  with  the  addition  of 
acetylene  in  the  range  of  methane/ acetylene  ratios 
studied  (3/1  to  1/3). 

2.  The  deposition  rate  Increased  with  deposition  pressure 
for  the  range  investigated  (2  to  8  mm  Hg). 

3.  The  densities  obtained  were  normal  for  all  deposits 
made  at  2100°C  except  for  the  experiment  conducted 
at  8  mm  Hg  pressure  and  at  a  methane/ acetylene 
ratio  of  1/3. 

4.  Deposition  temperature  greater  than  1925°C  was  required 
to  obtain  good  density. 

5.  The  structure  of  the  material  generally  appeared  normal 
in  all  experiments  that  had  normal  densities. 

EXPERIMENTAL  CONDITIONS  SELECTED— PHASE  2 

Three  nose  cones  were  fabricated  in  this  phase  of  the  task.  A  review 
of  Phase  1  results  showed  that  the  most  favorable  methane/ acetylene 
ratio  was  1/3  and  the  deposition  pressure  was  selected  at  4.0  mm  Hg. 

The  borderline  results  obtained  at  a  deposition  pressure  of  8  mm  Hg 
and  at  the  high  acetylene  content  did  not  appear  favorable  for  this 
phase  of  the  study.  The  other  processing  conditions  were  selected 
from  results  obtained  in  previous  experiments.  The  process  condi¬ 
tions  are  summarized  in  Table  XLI. 


RESULTS— PHASE  2 

The  results  of  Phase  2  of  this  task  are  listed  in  Table  XLII,  and 
illustrated  in  Figures  199  through  205. 
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The  deposition  thickness  profiles  for  the  first  throe  nose  cones 
are  illustrated  in  Figures  199,  200  and  201. 

The  growth  pattern  achieved  in  the  first  experiment  (1-43)  wad 
very  good.  The  nose  tip  thickness  was  0.96”  in  only  30  hours  and 
the  minimum  wall  thickness  was  0.17.  The  wall  thickness  was  very 
uniform  and  the  growth  pattern  was  good.  This  part  had  a  somewhat 
lower  density  than  was  anticipated  but  the  cause  and  extent  of  the 
low  density  were  not  determined.  This  cone  did  not  contain  any  large 
delaminations  but  did  contain  more  delsminations  than  a  normal  boron- 
alloyed  pyrolytic  graphite  nose  cone.  Figure  203  is  a  photograph 
of  this  cone. 

Figure  200  is  a  radiographic  positive  of  the  second  nose  cone. 

During  this  experiment,  an  electric  storm  occurred  and  caused  a 
power  outage  for  about  40  minutes.  As  the  objective  of  this  experi¬ 
ment  was  to  study  deposit  thickness  growth  patterns  and  was  not  to 
deceit  a  usable  piece  of  hardware,  the  experiment  was  continued. 

The  loss  of  power  and  the  subsequent  cooling  of  the  furnace  caused 
destructive  residual  stresses  to  develop,  which  caused  the  part  to 
badly  spall  as  shown  in  Figure  204.  The  growth  profile,  delamina¬ 
tion  pattern,  and  size,  and  tbe  density  were  about  the  same  as  the 
first  nose  cone.  The  only  difference  in  deposition  conditions  were 
(1)  the  hydrogen  gas  was  omitted  from  the  selected  processing  con¬ 
ditions,  and  (2)  the  inlet  nozzle  o.d.  was  reduced  to  13/16"  from  1". 

In  the  third  experiment  (1-48)  the  same  conditions  were  used  as  in 
experiment  1  (1-43)  except  the  deposition  pressure  was  reduced  to 
3.0  mm  Hg.  The  growth  pattern  is  shown  in  Table  XLII  and  in  Figure 
201.  Decreasing  the  deposition  pressure  1  mm  Eg  reduced  the  deposi¬ 
tion  in  the  tip  to  1/3  of  the  previous  rate  and  the  skirt  deposi¬ 
tion  rate  to  1/2  of  the  previous  rate.  Figure  205  is  a  photograph  * 
of  the  cone  produced  in  the  third  experiment. 

SUMMARY  AMD  CONCLUSIONS— PHASE  2 

Figure  202  summarizes  the  deposit  thickness  profiles.  These  results 
show  that  the  hydrogen  gas  used  in  experiment  1-43  but  not  in  2-46 
had  little  effect  on  deposition  rate;  however,  the  results  for  experi-  * 
ment  1-48  vividly  illustrate  the  effect  of  deposition  pressure  on 
deposition  rate  in  nose  cone  tips.  The  results  were  summarized  by 
GS-RSD  as  follows: 

1.  Acetylene  can  be  used  as  a  carbon  source  to  give  good 
growth  patterns  in  nose  cones. 

2.  Deposition  pressures  of  4  mm  Hg  or  higher  were  required 
to  give  reasonable  deposition  rates. 

3.  The  cones  fabricated  in  this  phase  had  a  lower  density 
and  more  delaminations  than  was  expected. 


119 


SAQKSROOHB  FOR  TASK  3.4.2.3b 

The  results  from  the  first  parte  of  Task  3.4. 2. 3  were  cot  good 
enough  to  provide  a  better  process  for  making  nose  cones  than  the 
usual  graded,  boron-alloyed  pyrolytic  graphite  process;  therefore, 
the  revised  ^ork  Statement  included  this  subtask  b  to  extend  the 
studies  with  acetylene  to  deposition  of  BFG  nose  cones.  This  subtask 
also  called  for  deposition  of  unalloyed  pyrolytic  graphite  nose  cones 
at  three  temperatures  to  determine  the  effect,  if  any,  this  variable 
had  on  deposition  thickness  profile  and  deposit  density. 

EXPERIMENTAL  CONDITIONS  SELECTED 

Three  cones  were  deposited  using  acetylene  as  the  carbon  source. 

The  cones  were  unalloyed  deposits  made  at  identical  conditions 
except  for  temperature.  The  selected  deposition  temperatures  were 
200£rC,  19G0°C,  and  1800°C.  The  cones  ware  evaluated  on  the  basis 
of  deposition  profile,  delamlnation  patterns  and  unit  cell  height 
Cp  as  measured  in  the  solid  nose-tip  region.  The  unit  cell  height 
measurement  would  provide  seme  indication  of  anisotropy,  assuming 
that  lower  anistropies  would  correspond  with  higher  C0  values. 

Three  additional  runs  were  to  be  made  in  which  the  problems  associated 
with  fabricating  a  boron-alloyed  deposit  were  to  be  investigated. 

Table  XLIII  is  a  summary  of  the  deposition  conditions.  The  acetylene 
used  as  the  source  gas  was  commercial  grade  material,  primarily 
intended  for  industrial  heating  application.  A  typical  analysis  of 
this  gas  is  (Ref.  69): 


Component 

Acetylene 

Phosphine 

Hydrogen  Sulphide 

Oxygen 

Arsine 

Moisture 


Volume  Percent 


99.7 
50  ppm 
25  ppm 
.05 
2  ppm 

-50°F  Dew  Point 


In  addition,  acetone  vapors  are  present  in  the  acetylene  since  the 
packaging  technique  is  to  dissolve  the  acetylene  in  acetone  within 
the  cylinder  to  reduce  shock  sensitivity.  Due  to  this  shock  sensiti¬ 
vity,  acetylene  is  not  normally  available  purified  or  commercial  grade 
in  other  than  acetone- filled  cylinders.  As  a  result  of  the  acetone 
solvent  used,  acetylene  withdrawn  from  the  cylinder  contains  seme 
acetone  vapor.  The  concentration  of  acetone  vapor  depends  on  the 
amount  of  acetylene  in  the  cylinder  at  time  of  usage  and  on  the  rate 
of  withdrawal. 
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RESULTS 


The  deposition  profile  of  the  first  acetylene  deposit  of  unalloyed 
material  (5051)  is  shown  as  Figure  206,  Figure  207  is  a  radiograph 
of  the  as-deposited  part.  The  nose  thickness  of  1»3  Inches  was 
that  judged  from  the  exposure  on  the  x-ray  film  as  normal  density 
material.  This  and  the  wall  thickness  represented  unusually  high 
deposition  rates  for  unalloyed  pyrolytic  graphite.  It  appeared  that 
the  last  material  deposited  was  of  very  poor  quality,  as  indicated 
by  the  radiograph  end  by  the  low  '’last-deposit*'  density  shown  in 
Table  XLXV.  This  change  in  characteristics  towards  the  end  of  the 
deposition  period  is  attributed  to  changes  in  the  exit  flow  path 
which  ware  caused  by  the  nozzle  growth  (also  shown  in  Figure  207). 

The  other  two  unalloyed  deposits  from  acetylene  were  made  later. 

These  were  runs  5058  at  3640°F,  and  5060  at  3450°F.  The  deposit 
thickness  profiles  are  shown  is  Figures  208  and  210.  The  nose  thick¬ 
ness  decreased  with  decreasing  deposition  temperature,  as  shewn  by 
a  comparison  of  these  two  figures  with  Figure  206.  Of  the  three 
unalloyed  deposits,  the  best  nose  cone  could  be  produced  from  the 
process  used  for  5058,  as  judged  from  Figures  207,  209  and  211.  All 
these  deposits  were  relatively  disordered  (not  very  anio tropic)  as 
seen  by  the  high  C0  values  in  Table  XLIV. 

The  major  problem  with  these  runs  was  the  deposition  of  large  sooty 
compacts  on  the  injector  nozzle  surfaces.  Such  deposits  interfere 
with  the  gas  flows  and  give  non-reproducible  effects.  These  growths 
are  not  as  great  a  problem  in  deposits  from  methane. 

Even  greater  problems  were  found  in  the  attempts  to  produce  boron- 
alloyed  deposits.  Run  5052  was  the  first  of  these.  As  indicated  in 
Table  XLIII,  the  run  time  was  only  10  minutes.  A  post-run  examination 
of  the  deposition  assembly  indicated  a  very  thin  coating  of  deposit 
which  in  every  respect  appeared  normal.  Examination  of  the  gas  feed 
line  and  injector  revealed  a  solid  residual  clogging  the  line  immedi¬ 
ately  downstream  from  a  manifold  where  all  the  reactant  gases  were 
mixed.  In  this  run  the  gases  were:  natural  gas,  cylinder  acetylene 
and  boron  trichloride.  Several  subsequent  attempts  were  made  to 
mix  the  reactants,  but  the  feed  line  plugged  after  very  short  term 
operation  in  each  case.  During  the  trial  runs,  careful  attention 
was  paid  to  insure  a  leak- tight  system  since  boron  oxide,  produced 
by  the  reaction  of  boron  trichloride  and  moist  air,  could  cause 
gas  line  plugging  in  a  system  which  had  a  leak.  There  was  no  evidence 
of  boron  oxide  in  any  of  the  residues  removed  from  the  lines. 

Further  investigation  by  experiments  with  acetone  and  boron  trichloride 
indicated  that  a  solid  forms  rapidly  when  the  two  vapors  come  in 
contact  at  room  temperature.  Apparently,  a  solid  coordination  complex 
forms  at  the  oxygen  in  ketones  with  boron  trichloride.  Such  a  re¬ 
action  had  been  reported  with  trifluorides.  From  these  experiments, 
it  was  concluded  that  the  acetone  carryover  from  the  storage  cylinder 
was  causing  the  feed  line  plugging.  Thus,  boron-alloyed  pyrolytic 
graphite  deposits  cannot  be  made  using  boron  trichloride  and 


cylinder  acetylene  without  reaving  the  acetone  from  the  scatylene. 

It  is  possible  to  reduce  fcb®  vapor  pressure  of  the  acetcns  signifi¬ 
cantly  by  liqusfyitig  it.  ia  a  dry-ica/aceseae  trap*  Pressing  tbs 
‘acateas  out  was  tot  coasidsred  as  ecstocc  freeses  at  «93.5eC,  lemv 
than  the  -£4°C  freezing  tesperature  el  acetylena,  It  was  also  fist 
certain  that  liquefying  the  acetone  with  available  equipment  would 
h%  efficient  enough  to  eliminate  the  asetoae— ’berea  trichloride 
reaction* 

Instead  of  pursuing  the  acetylene  problem  any  further  in  the  runs 
which  were  ssada  to  be  boros  alloyed,  an  alternate  carbon  source  gas 
was  selected,  MAP?  is  the  trade  same  of  a  gas  developed  by  The  Dow 
Chemical  Company  for  industrial  heating  purposes,  MAP?  gas  is  a 
stabilised  mixture  of  68-70  percent  methyl  acetylene-propadiene  and 
the  balance  propylene  and  other  paraffinic  and  definite  C3  and  C4 
hydrocarbons.  (Refs,  70  and  71),  MAP?  gas  was  selected  as  an 
alternate  to  acetylene  for  the  boron  alloyed  deposits  since  the 
methyl - acetylene  with  its  triple  bond  would  act  chemically  like 
acetylene,  and  MAP?  gas  is  not  shock  sensitive  and,  therefore,  need 
not  be  dissolved  in  acetone  for  handling.  Some  preliminary  studies 
with  a  gas-manifold  assembly  were  made  to  verify  that  boron  trich¬ 
loride  and  MAPP  were  compatible.  These  tests  seemed  to  indicate 
that  they  wars. 

A  base-line  run  (5053)  of  unalloyed  material  was  made  from  MAPP  gas 
to  evaluate  the  parameters  selected  for  deposition.  This  run  was 
considered  satisfactory  and  a  deposit  with  MAPP  and  boron  trichloride 
was  made  (505h)»  As  Table  XLXII  indicates,  this  run  was  terminated 
after  four  hours.  Hie  premature  termination  was  a  result  of  plugg¬ 
ing  somewhere  in  the  gas  feed  system.  A  second  attempt  was  made 
(5055)  and  was  also  terminated  due  to  a  gas  feed  line  plug.  The  gas 
distribution  system  ms  disassembled  and  a  heavy  black  condensate 
was  blocking  the  injector  line.  Apparently  this  condensate  went 
unnoticed  in  the  preliminary  tests.  These  results  indicate  that 
even  without  acetone,  there  is  a  reaction  between  boron  trichloride 
and  unsaturated  hydrocarbons  such  as  acetylene  and  MAPP. 

The  deposition  thickness  profiles  for  runs  5053  and  5054  are  shown 
in  Figures  212  and  214.  The  boron-alloyed  profile  (5054)  appeared 
to  be  promising  but  techniques  would  be  required  for  preventing 
inlet  line  clogging  before  this  process  could  be  used.  Radiographs 
are  shown  in  Figures  213  and  215  for  the  same  two  cones. 

SUMMARY  AMD  CONCLUSIONS — TASK  3.4.2.3b 

The  work  on  unalloyed  pyrolytic  graphite  nose  cones  deposited  from 
acetylene  can  be  sunsaarized  as  follows: 

1.  Deposition  rates  of  unalloyed  deposits  using  acetylene 
as  a  carbon  source  were  similar  to  alloyed  deposits 
using  boron  trichloride  and  methane  as  the  carbon  source. 
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2,  The  material  quality  of  acetylene  deposits  was 
similar  to  those  deposited  using  methsae. 

3,  The  deposition  profile  of  acetylene-deposited  cones 
was  similar  to  boron  trichloride-methane  deposited 
cones. 

4.  Deposition  temperatures  between  1800°C  and  2000% 
appeared  to  give  similar  results. 

5.  Deposition  thickness  profile  reproducibility  was 
poor  due  to  effects  of  large  growths  formed  on  the 
Injector  during  deposition. 

Tbs  work  on  boron-alloyed  pyrolytic  graphite  from  acetylene  and  boron 
trichloride  revealed  a  number  of  practical  problems: 

A  successful  boron-alloyed  deposit  was  not  made.  Initial  attempts 
with  acetylene  were  not  successful  due  to  the  acetone  content  of  , 
ely Under  acetylene  and  an  undesirable  reaction  between  boron  trich¬ 
loride  and  this  acetone. 

Stabilized  methyl  acetylene-propadlene,  containing  an  unsaturated 
hydrocarbon  similar  to  acetylene,  was  also  used  as  a  carbon  source 
gas.  The  formation  of  a  heavy  condensate  at  room  temperature  when 
this  gas  was  mixed  with  boron  trichloride  prevented  any  useful 
deposits  from  being  made.  This  room  temperature  reaction  appeared 
to  be  a  reaction  between  the  unsaturated  hydrocarbon  end  boron 
trichloride. 

These  difficulties  indicated  that  making  a  boron-alloyed  deposit 
using  an  unsaturated  hydrocarbon  such  as  acetylene  presented  problems 
which  were  beyond  the  seope  of  this  task.  No  further  attempts  at 
making  a  boron-alloyed  deposit  were  made. 

RECOMMENDATIONS 

Deposition  from  acetylene  is  feasible  end  can  produce  material  of 
good  quality;  however,  unwanted  side  reactions  with  EClg  prevent  its 
use  for  production  of  boron-alloyed  pyrolytic  graphite.  Even  in 
the  unalloyed  case,  there  are  problems  with  large  sooty  growths 
and  compacts  on  the  surface  of  water-cooled  inlet  nozzles.  Such 
growths  Interfere  with  gas  flows  in  the  reflex  flow  systems  used 
for  nose  cone  fabrication. 

For  these  reasons,  the  use  of  acetylene  is  not  recommended  as  an 
alternative  to  the  use  of  methane  in  aerospace  nose  cone  production. 

D.  INTERRUPTED  DEPOSITION  (Teak  3.3.6) 

According  to  the  Work  Statement,  "Deposition  will  be  interrupted 
at  calculated  intervals  for  control  of  delaaination  patterns." 
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Boron-alloyed  pyrolytic  graphite  in  configurations  where  the  thick- 
neeg-of-deposit  to  radius-of-curvature  ratio  <t/r)  exceeds  about 
0,08  has  a  tendency  to  build  up  destructive  residual  stresses  during 
coel-dcwn  from  the  deposition  temperature  (about  3850°F)  to  room 
temperature,  These  residual  stresses  are  produced  by  the  thermal 
expansion  anisotropy  of  pyrolytic  graphite,  The  thermal  expansion 
coefficient  tfcrough-the-depoaifc  thickness  is  about  14,0  x  10"® 
ln/ln°F  and  in  the  circumferential  direction  of  a  shaped  component 
the  thermal  expansion  is  0,6  x  10’ 6  in/ln°F,  When  a  constrained 
shape  such  as  a  frustum  cools  from  deposition  temperature,  the  material 
wants  to  shrink  through  the  deposit  thickness  but  is  restrained  by 
the  shape  of  the  part  and  the  low  thermal  shrinkage  which  occurs  in 
the  circumferential  direction.  The  result  is  that  stresses  are  pro¬ 
duced  in  the  part.  If  these  residual  stresses  exceed  the  material 
strength,  the  fabricated  component  will  crack  or  randomly  delaminate, 
thus  relieving  the  residual  stresses  but  rendering  the  part  useless. 
However,  if  the  finished  structure  consists  of  a  series  of  concentric 
rings  or  frustums,  each  of  which  has  a  t/r  of  less  than  0,05,  the 
residual  stress  in  the  total  part  should  not  exceed  the  material 
strength,  since  the  stresses  in  each  ring  are  not  additive,  and  the 
component  should  be  of  good  quality.  Therefore,  a  finished  structure 
consisting  of  a  series  of  concentric  frustums  might  be  produced  by 
interrupting  the  process  during  the  fabrication  cycle  at  predeter¬ 
mined  material  thicknesses.  The  interruption  would  cause  a  material 
separation  and  thus  control  both  the  delamination  pattern  and  the 
residual  stresses  in  the  part. 

EXPERIMENTAL  CONDITIONS  SELECTED 

An  experimental  investigation  was  conducted  to  evolve  the  technology 
required  to  fabricate  boron-alloyed  pyrolytic  graphite  frustums 
having  a  t/r  of  at  least  0.10,  and  yet  free  of  cracks  and  random 
delaminations,  A  total  of  five  (5)  frustums,  3  inches  o,d.  at  the 
small  end  and  4.5  Inches  o.d,  at  the  large  end  (see  Figure  216)  were 
fabricated  using  an  interrupted  deposition  technique.  Table  XLV 
lists  the  program  plan  employed  in  this  task. 

A  preliminary  part  was  fabricated  to  establish  processing  conditions 
such  as  deposition  rate,  gas  flow,  methane/hydrogen  ratio,  etc. 

This  part  (Run  1-77)  established  deposition  rates  for  the  selected 
processing  conditions  employed  and  these  results  were  then  used  to 
select  the  processing  conditions  for  the  remainder  of  this  task. 

The  desired  concentric  rings  or  frustums  for  this  part  were  achieved 
by  interrupting  the  process  for  30-minute  intervals  at  predetermined 
material  thicknesses  to  insure  the  formation  of  complete  de laminations. 
Part  1-77  was  evaluated  and  the  following  preliminary  conclusions 
were  made: 


1,  The  design  of  the  deposition  chamber  set up  was 
acceptable. 

2,  The  processing  .conditions  selected  (Interruption 
technique)  were  adequate, 

3.  The  deposition  rate  was  greater  than  planned. 

Deposition  time  would  have  to  he  adjusted  for 
future  parts, 

4.  The  selected  methane/hydrogen  ratio  produced  a 
good  deposit  thickness  profile. 

The  five  planned  frustums  were  then  fabricated,  using  the  process  matrix 
listed  in  Table  XLVI,  and  the  furnace  setup  illustrated  in  Figure  217, 

The  results  of  previously  deposited  frustums  were  analyzed  to  select 
the  most  suitable  processing  parameters  for  each  part, 

A  13/16"  o.d, stainless  steel  water-cooled  gas  injector  nozzle  with  0,069 
inch  orifice  was  used  throughout  this  task.  The  nozzle  ..orifice  was 
placed  2-1/2  inches  below  the  baffle  as  is  illustrated  in  the  furnace 
setup  (Figure  217).  The  mandrel  material  used  for  the  preliminary 
experiment  (Run  No,  1-77)  and  the  first  planned  experiment  (Run  No,  2-88) 
was  grade  H.  The  last  experiment  (Run  No.  2-108)  used  grade  D  graphite. 
Grade  A  graphite  was  used  in  the  other  three  experiments*  Run  No,  2-90, 
Run  No.  1-82,  and  Run  No.  2-105. 

RESULTS 

The  results  of  these  processing  experiments  were  evaluated  to  determine 
(1)  residual  strain  in  each  concentric  ring  and  in  the  total  part,  (2) 
density  of  each  ring,  (3)  deposit  thickness  profile  of  each  ring,  and 
(4)  microstructurai  analyses  of  the  material  through  the  deposit  thick¬ 
ness.  Table  XLVII  summarizes  the  results  obtained  and  Table  XLVII1 
shows  the  average  deposit  thickness  profiles  obtained  for  each  part. 

For  convenience,  the  experiements  are  discussed  separately. 

Experiment  No.  1-77.  The  first  experiment  was  designed  to  yield  five 
d5)  equal  thickness,  concentric  rings  with  a  total  deposit  thickness  of 
0,150",  which  would  result  in  a  part  t/r  of  0,10.  The  five  rings  were 
separated  by  distinct  dslaminatlons  as  illustrated  in  Figure  218,  and 
the  average  thickness  for  the  rings  was  41  mils.  Figure  219  illustrates 
the  planned  and  obtained  thicknesses  of  each  ring  and  the  total  deposi¬ 
tion  profile  along  the  length  of  the  part.  The  deposit  thickness  was 
greater  than  planned,  which  gave  a  maximum  t/r  for  the  part  of  0,15  at 
the  small  end  of  the  frustum.  With  this  high  t/r,  destructive  residual 
stresses  developed  on  cool-down  which  resulted  in  an  axial  crack  on  the 
inner  surface  and  in  an  interdelamination  crack  as  illustrated  in  Figure 
218,  This  experiment  was  planned  to  yield  only  processing  information 
and  no  special  precautions  were  taken  during  the  separation  of  the 
frustum  from  its  furnace  supports.  The  axial  crack  on  the  inner  surface 
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of  the  frosty®  formed  .during  the  removal  of  the  furnace  support  parts 
from  .the  frustum.  Some  -spallation  occurred  on  the  outer  surface  of 
this  frustum  '(figure  SlSj;  however.,  this  was  to  he  expected  since  a  porous 
grade  graphite  .was  used  for  the  mandrel  of  this  preliminary  .experiment. 

The  average  density  of  the  frustum  material  was  high  (about  2.23  gm/cc) 
which  indicates  that  it  was  good  boron- alloyed  PG  material,  The  results 
nf  all  tests  performed  on  this  part  are  listed  in  Table  XLVI1.  figure 
220  illustrates  the  micr.ostructure  of  the  material  through  the  deposit 
thickness  from  both  the  small  and  large  end  of  the  frustum.  This  micro¬ 
structure  appears  to  be  mainly  substrate-nucleated.  However,  some 
additional  nucleation  also  took  place  at  each  delaoination  location. 

Experiment  No,  2-88,  Experiment  2-88  was  designed  to  produce  five  (5) 
concentric  frustum  shells,  each  shell  having  a  deposit  thickness  of 
shout  30  mils  and  the  total  part  having  a  thickness  of  0,150  inches. 

The  deposition  rate  established  in  Pun  1-77  was  used  to  plan  this 
experiment. 

The  results  of  this  run  were  considered  good.  There  were  five  (5) 
concentric  rings  at  the  top  and  bottom  of  the  frustum  separated  by 
distinct  delaminations  as  illustrated  (Figure  221)  and  the  average  thick¬ 
ness  for  the  rings  was  26  mils.  Figure  222  illustrates  the  planned  and 
obtained  thicknesses  .of  each  ring  and  the  total  thickness  profile  for 
the  part.  The  maximum  t/r  for  any  one  ring  was  0,02  and  the  maximum 
t/r  for  the  part  was  0,10  at  the  small  end  of  the  frustum. 

This  part  was  free  of  axial  cracks,  and  the  outer  surface  was  free  of 
spallation.  The  center  ring  at  the  large  end  of  the  frustum  contained 
&  crack  as  shown  in  Figure  221,  This  crack  was  attributed  to  incomplete 
material  separation  at  the  planned  delamination  site. 

The  density  of  this  material  was  also  about  2,23  gm/cc.  The  micro- 
structure  illustrated  in  Figure  223  appears  to  be  basically  substrate- 
nucleated  but  it  is  intermixed  with  new  nucleation  starting  at  each 
delandnation. 

A  1"  ring  was  removed  from  both  ends  of  the  frustum  and  residual  strain 
measurements  were  made  in  concentric  rings.  These  results  axe  listed  in 
Table  XLVI1,  It  was  interesting  to  note  that  the  maximum  hoop  strain 
at  the  large  end  of  the  part  occurred  in  the  outer  shell  while  the 
maximum  strain  at  the  small  end  of  the  part  was  in  the  inner  rings. 

Experiment  Mo.  2-90.  The  mandrel  material  for  this  experiment  was  ATJ. 

The  experiment  was  designed  to  produce  three  equal  concentric  rings, 
each  50  mils  thick  (see  Table  XLV).  The  results  of  this  experiment  were 
considered  excellent.  Three  concentric  frustum  shells  were  produced 
which  only  varied  in  thickness  in  the  axial  direction  between  47  to 
54  mile  and  the  average  thickness  for  each  of  the  three  rings  was  50 
mils. 
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Figure  224  illustrates  the  overall  appearance  of  this  part.  The  outer 
sui'face  was  very  good  and  the  desired  three  shells  were  .produced;  how¬ 
ever,  it  should  he  noted  that  an  interdelamination  orach  developed  in 
the  outer  ring  at  the  small  end  of  the  part.  Figure  225  illustrates 
the  planned  and  obtained  thicknesses  of  the  rings.  "The  maximum  t/r 
for  any  one  ring  was  0.04  and  the  maximum  t/r  for  the  whole  part  was 
0.10  at  the  small  end  of  the  frustum. 

The  average  density  of  the  material  was  again  about  2.23  gm/cc.  The 
microstructure  appeared  to  be  basically  substrate-nucleated  intermixed 
with  new  nucleation  starting  at  each  delatnination.  This  structure  is 
illustrated  in  Figure  226. 

Uo  axial  cracks  developed  in  this  part.  Residual  strain  determinations 
were  made  in  each  concentric  ring.  These  results  are  shown  in  Table 
XLVI1.  The  results  of  the  residual  strain  measurements  ware  similar  to 
those  obtained  for  Experiment  2-88  in  that  the  maximum  strain  was  in 
the  outer  shell  at  the  small  end  of  the  frustum. 

Experiment  So.  1-82.  The  mandrel  material  used  in  this  experiment  was 
grade  A  graphite.  The  process  conditions  were  adjusted  to  produce  on ly 
two  concentric  rings.  Each  ring  was  to  be  about  73  mils  thick  (see  Table 
XEV).  The  results  of  this  experiment  were  considered  very  good.  Two 
concentric  frustum  shells  were  produced,  each  being  75  mils  thick.  Figure 
227  illustrates  the  planned  and  obtained  thicknesses  of  these  two  rittga t 
The  maximum  t/r  for  either  ring  was  0.08  and  the  maximum  t/r  for  the 
whole  part  was  0.11  at  the  small  end  of  the  frustum. 

The  part  was  free  of  axial  cracks  and  the  mandrel  separation  was  good. 
Residual  strain  determinations  made  on  each  concentric  ring  are  listed 
in  Table  XL VII.  It  is  interesting  to  note  that  even  though  the  t/r  of 
each  ring  was  greater  than  in  the  earlier  experiments,  the  residual 
strain  in  these  rings  were  lower.  Figure  228  illustrates  the  clean 
outer  surface  of  the  frustum  and  the  general  appearance  of  the  material 
at  the  small  and  large  end  of  the  frustum.  One  of  the  photographs  in 
this  figure  shows  that  some  additional  fine  localised  random  delamina- 
tions  are  present  in  the  material  at  the  large  end  of  the  frustum. 

The  average  density  of  this  material  was  also  about  2.23  gm/cc.  Figure 
229  illustrates  the  microstructure  through  the  deposit  thickness.  The 
structure  is  mainly  substrate-nucleated  with  some  additional  nucleation 
starting  at  each  new  delamination. 

Experiment  No.  2-103.  The  separation  betveen  the  concentric  frustum 
shells  in  the  first  three  frustums  fabricated  were  not  as  complete  as 
was  desired;  therefore,  a  modified  interrupted  deposition  technique  was 
used  to  fabricate  this  frustum.  The  mandrel  material  used  to  deposit 
this  frustum  was  grade  A  graphite. 

This  experiment  was  designed  to  yield  a  part  with  two  separations.  The 
outer  shell  was  to  be  0.070",  the  middle  shell  0.050",  and  the  inner 
shell  0.030".  Instead  of  just  interrupting  the  process  for  1/2  hour, 


a  modified  procedure  was  used  in  which  a  flash  coat  of  BPG  was  sandwiched 
between  each  concentric  frustum  shell. 

The  results  of  this  run  were  considered  excellent.  Total  separation  was 
achieved  between  the  layers  forming  completely  separata  concentric  frustum 
shells  as  illustrated  in  Figure  230.  Figure  231  shows  the  planned  and 
obtained  thicknesses  of  each  ring.  The  part  was  free  of  axial  cracks, 
interdelaminational  cracks,  and  random  delaminations.  The  maximum  t/r 
for  any  one  ring  was  0.05  and  the  maximum  t/r  for  the  part  was  0.11  at 
the  small  end  of  the  frustum. 

The  density  of  this  material  was  2.23  gm/ec,  and  the  average  residual  -*■ 
strain  for  the  individual  rings  was  about  0.035  in/ in.  Figure  332 
illustrates  the  microstructure  through  the  deposit  thickness.  The 
structure  nucleated  at  the  substrate  and  at  each  delamination.  This 
indicates  good  non-continuity  in  material  growth  caused  by  the  flash 
coat  of  BPG,  which  was  sandwiched  between  each  concentric  frustum  shell. 

Experiment  No.  2-108.  The  mandrel  material  used  for  this  part  was 
grade  D  graphite.  The  same  modified  interruption  cycle  was  used  as  in 
the  last  previous  experiment. 

The  separation  between  the  concentric  frustum  shells  was  not  as  distinct 
as  in  the  previous  experiment.  In  addition,  the  deposit  thickness  for 
the  part  was  much  thicker  than  planned  (see  Figure  233).  The  maximum 
t/r  for  the  part  was  0.17.  Since  the  concentric  shells  did  not  separate 
cleanly,  the  residual  stresses  were  not  properly  relieved.  Two  axial 
cracks  developed  in  the  part  during  the  cool-down  cycle.  Figure  234 
shows  photographs  of  this  part  illustrating  the  axial  cracks  and  some 
of  the  random  delaminations  which  also  developed. 

The  average  density  of  the  material  was  about  2.23  gm/cc.  The  test 
results  are  summarized  in  Table  XLVII.  Figure  235  illustrates  the  micro¬ 
structure  through  the  deposit  thickness.  The  increased  deposition  rate 
and  the  lack  of  complete  separation  at  the  delamination  sites  resulted 
in  the  failure  of  this  part.  Some  processing  difficulty  undoubtedly 
occurred  but  none  could  be  identified. 

SUMMARY  AND  CONCLUSIONS 

A  total  of  six  BPG  frustums  were  fabricated,  using  the  interrupted  deposi¬ 
tion  technique.  The  finished  structures  consisted  of  a  series  of  con¬ 
centric  frustums  separated  by  pre-planned  delaminations. 

The  procedure  used  to  achieve  the  necessary  material  separation  between 
the  concentric  rings  of  the  first  four  frustums  seemed  adequate.  However, 
separation  between  the  shells  was  not  as  complete  as  was  desired,  A 
modified  interruption  procedure  was,  therefore,  developed  and  used  in 
the  fabrication  of  the  last  two  frustums.  The  results  were  excellent 
in  the  first  of  these  two  frustums.  Total  separation  was  achieved 
between  the  layers  forming  completely  separate  concentric  frustum  shells. 


Although  the  maximum  t/r  for  the  individual  rings  was  0.05  and  the  maximum 
t/r  for  the  part  was  0.11,  the  frustum  was  free  of  axial  and  interdalamina- 
tional  cracks.  Complete  separation  between  concentric  shells  was  not 
achieved  on  the  final  frustum  and  the  thicknesses  of  the  individual 
shells  was  much  greater  than  planned.  The  result  was  that  the  part  develop¬ 
ed  two  axial  cracks  during  the  cool-down  cycle.  However,  since  a  different 
grade  graphite  (D)  was  used  for  the  mandrel  material  and  the  deposit 
thickness  was  much  greater  than  planned,  it  is  believed  that  the  process¬ 
ing  parameters  may  have  been  erroneously  recorded. 

The  results  of  this  interrupted  deposition  study  demonstrated  the  feasi¬ 
bility  of  producing  shaped  components  of  BPG  with  t/r's  up  to  0.10. 

This  study  also  revealed  that  if  stresses  are  not  to  be  transferred 
between  shells,  complete  separation  is  required.  The  original  idea  that 
complete  delaminations  could  be  achieved  by  merely  shutting  off  the  gas 
flow  for  1/2  hour  was  shown  to  be  inadequate.  In  this  study,  a  modified 
interruption  technique  was  developed  and  was  employed  with  excellent 
results. 

RECOMMENDATIONS 

Interrupted  deposition  is  recommended  as  a  technique  for  depositing  PG 
or  BPG  aerospace  hardware  with  unusually  high  thicknesses  for  given 
radii  of  curvature,  regardless  of  the  shape  or  its  complexity.  Simply 
interrupting  the  gas  flows  will  not  produce  satisfactory  isolation 
between  neighboring  segments  of  a  deposit.  A  very  thin  coating  of  BPG 
between  neighboring  deposits  of  PG  produced  the  desired  results.  Although 
not  experimentally  proven,  a  thin  coating  of  PG  between  neighboring 
deposits  of  BPG  might  also  be  useful. 

Consideration  should  be  given  to  subsequent  bonding  between  the  isolated 
segments  before  use  as  aerospace  hardware  and  to  the  requirements  for 
joining  such  a  bended  piece  to  the  remainder  of  the  body. 

E.  ADDITIVE  AND  IMPURITY  STUDIES  (Task  3. 2. 1.2) 

According  to  the  Work  Statement,  "The  effects  of  chemical 
additives  will  be  evaluated  with  respect  to  catalysis  in  gaa  phase 
reactions.  Process  specifications  will  be  made,  indicating  the  need  to 
add  or  remove  chemical  species  in  the  gas  streams." 

This  work  was  carried  out  on  subcontract  at  Retmaelaer 
Polytechnic  Institute,  Troy,  New  York,  under  the  direction  of  Dr.  R,  J, 
Diefendorf,  a  former  General  Electric  Company  employee  at  the  Research 
and  Development  Center,  Schenectady,  New  York.  The  work  was  altered 
somewhat  in  nature  to  provide  a  part  of  the  requirements  for  the  degree 
Master  of  Science  for  Mr.  Barry  Butler.  Portions  of  the  total  work  were 
carried  out  on  other  funds  subsequent  to  this  subcontract. 
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BACKGROUND 


The  deposition  of  pyrolytic  graphite  from  methane  gas  has  been 
found  to  be  enhanced  by  small  additions  of  boron  trichloride. 

Although  the  magnitude  of  this  catalysis  is  known  to  vary  with 
deposition  conditions,  experiments  performed  under  apparently 
Identical  conditions  have  often  given  different  results.  A  possible 
explanation  is  the  presence  of  varying  amounts  of  impurities  in 
the  feed  stock  gases.  Because  of  the  value  of  boron  trichloride 
in  altering  deposition  profiles  and  in  improving  mechanical  pro¬ 
perties,  this  task  was  carried  out  to  determine  the  effect  of 
impurities  on  the  boron  trichloride-catalyzed  deposition  of 
pyrolytic  graphite. 

The  deposition  of  pyrolytic  graphite  is  a  complicated  process,  where 
a  number  of  competing  reactions  are  occurring  simultaneously.  (Refs. 
72  and  73).  Any  change  in  processing  conditions  will  alter  the  rela¬ 
tive  importance  of  these  reactions  and  a  different  pyrolytic  graphite 
will  be  deposited  (Refs.  74,  75,  76).  A  description  of  the  system 
is  also  compounded  by  the  large  number  of  variables  (Ref.  74). 

These  include  temperature,  pressure,  flow  rate,  geometry  and  com¬ 
position.  In  the  present  study,  there  were  an  additional  ten  para¬ 
meters  necessary  to  describe  composition.  However,  by  holding 
temperature,  flow  and  geometry  constant  and  showing  that  the  effects 
of  nitrogen,  argon,  and  other  relatively  inert  gases  had  little  or 
no  first-order  effect,  the  number  of  experiments  was  decreased  to 
2  ,  or  32. 

For  this  work,  a  new  process  monitoring  technique  was  devised.  It 
was  based  on  the  assumption  that  increases  in  deposition  rate  at 
the  mandrel  wall  would  be  associated  with  an  increased  deposition 
rate  on  gas-phase  soot  particles.  The  technique  was  to  measure  the 
growth  of  the  soot  particles  instead  of  the  deposition  at  the  wall 
(Refs.  77  and  78).  This  was  done  by  monitoring  the  light  emitted 
by  the  incandescent  soot  suspended  in  the  gas  phase. 

This  technique  gave  very  reproducible  results,  so  that  in  a  short 
time  a  large  number  of  data  points  could  be  obtained;  hence,  more 
interactions  could  be  determined  with  good  accuracy.  The  technique, 
along  with  the  other  simplifying  factors,  allowed  the  gas  composition 
variables  to  be  studied  in  greater  detail. 

EXPERIMENTAL  CONDITIONS  SELECTED 


The  apparatus  necessary  to  carry  out  the  described  work  consisted  of 
gases,  regulators,  flow  meters,  a  high  temperature  resistance  heated 
furnace  (Ref.  79)  vacuum  valves,  and  a  high  volume,  rotary  vacuum  pump. 
The  whole  system  shown  in  Figure  236  was  designed  to  feed  gases  of 
various  controlled  compositions  through  a  high  temperature  chamber, 
while  being  able  to  change  the  pressure  and  observe  the  effect  on  the 
sooting  tendency.  The  apparatus  was  designed  so  that  the  flow  rate, 
temperature  and  geometry  could  also  be  changed;  however,  they  were 
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held  constant  during  this  work. 

The  gaseous  components  were  purchased  at  very  high  purity  levels  from 
a  commercial  supplier.  They  were  stored  in  their  cylinders  and  fed 
through  regulators  at  5  psig,  into  calibrated  flow  meters.  Then  the 
gases  were  passed  into  a  low  pressure  manifold  (0. 1-15  mm  Hg)  depending 
on  the  furnace  pressure.  The  manifold  had  multiple  inlet  valves,  so 
that  only  the  desired  gases  were  mixed. 

When  the  gases  left  the  manifold  mixed,  they  flowed  into  the  furnace, 
which  wag  a  resistance-heated  cylinder  approximately  8  inches  long  and 
1  inch  diameter.  The  furnace  was  kept  at  low  pressure  and  the  temperature 
was  read  with  an  optical  pyrometer.  The  reacted  gas  passed  out  of  the 
furnace  through  a  large  pressure  regulating  valve,  and  then  through  the 
vacuum  pump. 

A  photo-electronic  device  was  constructed  which  would  have  a  much  higher 
sensitivity  than  the  human  eye,  and  which  would  also  make  the  sooting 
point  reproducible  as  shown  in  Figure  237.  The  device  consisted  of  a 
photoresistor,  which  was  aimed  down  the  axis  of  the  furnace  cylinder. 

The  collimated  optical  system  was  designed  such  that  light  from  the 
heated  deposition  surface  would  not  impinge  directly  on  the  photoresletor. 
This  resistor  was  used  as  one  arm  of  an  electrical  bridge  circuit.  The 
bridge  was  first  balanced  at  the  temperature  of  the  experiment,  and  IQ 
was  noted  with  the  gas  of  proper  composition  passing  through  at  a  given 
flow  rate.  The  pressure  was  then  increased  rapidly  at  a  rate  of 
30  mm/min.  by  partially  closing  the  valve  1  (see  Figure  236)  and  any 
bridge  unbalance  was  determined  by  galvanometer  G,  and  recorded  at  each 
mm  pressure.  There  was  one  complicating  factor  which  had  to  be  overcome 
before  reproducibility  could  be  attained.  The  temperature  and  hence  IQ 
would  decrease  rapidly  as  the  pressure  increased,  because  of  increased 
thermal  losses  in  the  furnace.  To  counteract  this,  a  precisely  con¬ 
trolled  power  increase  was  applied  to  the  furnace  when  the  pressure  was 
increased  so  that  I0  remained  more  nearly  constant.  This  was  rechecked 
at  the  end  of  each  experiment  by  rapidly  lowering  the  pressure  from  30  mm 
to  1  mm  and  recording  I0,  to  see  if  the  temperature  had  changed.  Unless 
kj  showed  temperature  constant  within  ±  2°  C  the  data  were  disregarded, 
and  the  run  was  repeated.  This  technique  yielded  highly  reproducible 
data.  The  control  data  varied  very  little  at  constant  T  compared  to  the 
variations  caused  by  composition  and  flow  rate.  Hence,  the  temperature 
variable  was  eliminated. 

At  1500°C  all  of  the  data  were  plotted  as  I  versus  as  shown  in  Figure 
238.  A  theoretical  justification  for  this  type  of  plot  will  be  given 
in  a  paper  to  be  published  by  Diefendorf  and  Butler.  This  plot  yields 
a  curve  with  two  portions.  The  first  portion  is  an  indication  of  back¬ 
ground  scatter  and  of  how  stable  the  temperature  is  Inside  the  furnace. 

The  second  portion  is  a  straight  line,  with  a  slope  that  Is  directly 
proportional  to  the  deposition  rate.  As  the  temperature  is  increased 
(or  the  flow  rate  decreased)  the  slope  increases.  However,  temperature 
and  flow  were  held  very  constant,  so  their  effect  on  the  data  was  very 
small.  Any  difference  in  slope,  therefore,  reflects  changes  in  the 
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surface  reaction  rate  constant. 

A  temperature  correction  was  used  to  correct  the  I  values,  to  at 
1500°G.  These  corrections  were  necessary  to  correct  for  small  drifts 
in  furnace  temperature.  Wien's  Law  was  used  to  make  the  corrections. 

Once  the  data  had  been  corrected,  the  effects  of  the  composition  of  * 

the  gas  were  determined.  It  might  be  added  that  while  the  results  are 
reasonably  valid  with  no  corrections,  the  corrections  decrease  the  stand¬ 
ard  deviation  by  correcting  for  small  temperature  drifts. 

The  sooting  experiments  were  designed  around  the  use  of  "ultra  pure" 
methane  which  could  be  doped  with  various  impurities  to  simulate  natural 
gas.  The  composition  of  the  natural  gas  delivered  by  Niagara  Mohawk 
Power  Corporation  is  shown  in  Table  XLIX.  Direct  comparisons  of  similar 
data  from  other  gas  fields  showed  relatively  minor  differences  in  composi¬ 
tion  of  the  delivered  gas  over  a  period  of  six  years.  There  was  a  sea¬ 
sonal  variation  in  gas  composition,  however.  The  composition  of  the 
synthesized  natural  gas  is  shown  in  Table  L.  The  impurity  levels  for 
this  task  were  arbitrarily  selected  at  about  twice  the  values  measured 
in  natural  gas.  Then,  any  chance  variation  in  natural  gas  composition 
would  still  be  below  the  impurity  level  of  the  synthesized  gas.  Although 
the  higher  hydrocarbons  were  absent  from  the  synthesized  natural  gas 
mixture,  this  synthesis  gas  behaved  similarly  to  natural  gas  in  comparison 
experiments. 

RESULTS 

A  matrix  of  32  sets  of  gas  composition  was  investigated  to  determine 
which  gases  or  combination  of  gases  showed  impurity  effects.  Typical 
results  are  shown  in  Figure  238.  A  positive  effect  is  shown  by  an  increase 
in  slope.  Since  flow  rate  and  temperature  also  alter  the  slopes,  both 
were  held  constant  in  these  experiments. 

The  results  of  these  experiments  are  summarized  in  Table  LI.  The  calcul¬ 
ated  values  were  computed  from  terms  obtained  by  regression  analysis, 
and  the  following  equation: 

1  ®  Iq  kc  fa  fjj  fab  fjj  fa{j  ffcd  fg  fag  P 

where  I0  is  the  light  emitted  from  a  unit  area  of  soot  particles  at  a 
given  temperature. 


k0  ■  1,65  is  proportional  to  the  base  rate  of 
deposition  of  pure  methane  on  soot. 

fa  B  1,65  is  the  factor  for  increased  rate  when 
ethane  is  present. 

f|j  ■  1,26  is  the  factor  for  propane. 

fab*  77  is  the  factor  for  the  interaction  of 
ethane  and  propane. 
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fd  a  0.69  is  the  factor  for  hydrogen. 


fat}“  1. 16  Is  the  factor  for  the  Interaction  of 
hydrogen  and  ethane. 

fbd=  1.14  is  the  factor  for  the  interaction  of 
hydrogen  and  propane. 

£e  *  2.12  is  the  factor  for  boron  trichloride. 

faea  1.17  is  the  factor  for  the  interaction  of 
boron  trichloride  and  ethane. 

In  the  calculations,  the  values  of  the  factors  given  above  for  unit  con¬ 
centration  were  used  whenever  the  particular  gases  were  present.  The 
factors  were  set  at  unity  for  any  gases  which  were  not  present  in  the 
flow  for  a  given  experiment.  The  agreement  between  the  calculated  and 
experimental  values  of  the  slopes  is  good  considering  the  sensitivity 
to  temperature  and  that  a  linear  analysis  was  used.  Even  assuming  a 
zero  activation  energy  for  the  chemical  reactions,  a  ten  degree  variation, 
run  to  run,  would  make  a  seven  percent  error  in  slope  because  of  emitted 
light  intensity  variation. 

There  was  some  question  whether  the  small  observed  shifts  with  C©2  could 
be  a  simple  dilution  effect  of  the  methane.  Several  runs  with  argon 
were  made.  Concentrations  of  argon  below  25  volume  percent  showed  no 
observable  change  in  the  sooting  characteristics  of  methane.  Hence  the 
small  changes  in  methane  concentration  in  the  different  mixtures  cannot 
bs  important. 

Since  the  heavier  hydrocarbons  and  boron  trichloride  appeared  to  give 
significant  increases  in  rate  of  soot  growth,  a  series  of  four  deposition 
nine  were  made  to  see  if  corresponding  Increases  in  wall  deposition 
rates  would  be  observed.  The  conditions  were  1500°C,  15  mm  pressure, 

1.9  cfh  total  flow,  and  1  inch  diameter  tubes.  The  four  compositions 
studied  were:  (See  Table  LII) 

1)  Ultra  pure  methane. 

2)  Ultra  pure  methane  and  ethane. 

3)  Ultra  pure  methane  and  boron  trichloride. 

4)  Ultra  pure  methane,  ethane  and  boron  trichloride. 

The  one  exception  from  an  otherwise  standard  deposition  run  was  that 
four  0.004"  diameter  carbon  filaments  were  placed  across  the  diameter  of 
each  tube  at  four  points  along  the  length.  These  filaments  were  used  as 
a  measure  of  wall  deposition  rate.  The  filaments  provided  several 
advantages  because  of  their  fine  diameter  and  placement  in  the  gas  stream. 
The  deposition  rate  on  the  fine  diameter  filament  with  a  cross-flowing 
gas  will  be  close  to  the  surface  reaction  rate,  while  the  deposition 
rate  at  the  wall  would  be  largely  diffusion  controlled. 


Secondly,  &  thinner  deposit  thickness  could  fee  measured  which  Is  Important 
at  15Q0°C,  where  deposition  rates  can  be  very  low.  Finally,  the  filament 
is  out  in  the  gas  stream  where  the  sooting  measurements  were  made. 

The  results  of  these  runs  are  shown  in  Figure  239,  for  the  four  filaments 
positioned  near  the  tops  of  the  tubes.  The  other  filament  positions 
showed  similar  effects  but  with  less  total  buildup.  The  observed 
deposition  rates  on  the  filaments  were  in  the  order  which  would  be  pre¬ 
dicted  from  the  light  intensity  values. 

SUMMARY  AND  CONCLUSIONS 


Four  primary  effects  were  observed  in  the  experiments.  The  addition  of 
boron  trichloride  and  the  higher  hydrocarbons,  either  ethane  or  propane, 
to  methane  increased  the  deposition  rate.  Hydrogen  was  observed  to  in¬ 
hibit  the  deposition  rate,  Fratee  and  Anderson  (Ref.  78)  observed  simi¬ 
lar  effects  at  lower  temperatures.  In  addition,  four  second-order  effects 
were  found  to  be  significant.  Three  of  these  Interactions  appear  because 
the  higher  hydrocarbons  show  greater  responses  with  other  impurity  gases 
than  does  methane.  Hence,  hydrogen  reduces  the  deposition  rate  less 
with  propane  and  ethane  than  with  methane.  Similarly,  boron  trichloride 
increases  the  deposition  rate  of  carbon  from  ethane  (or  its  products) 
more  than  it  Increases  the  deposition  rate  of  carbon  from  methane.  All 
these  primary  and  secondary  effects  of  the  higher  hydrocarbons  can  be 
explained  by  their  greater  reactivity. 

There  is  also  a  secondary  interaction  between  ethane  and  propane,  which 
is  the  same  magnitude  as  the  primary  propane  effect  but  of  opposite  sign. 


The  most  probable  explanation  is  a  saturation  of  the  effect  of  higher 
hydrocarbons  on  deposition  rate  at  higher  concentrations.  Saturation 
of  this  type  was  observed  in  our  preliminary  experiments. 

These  experiments  have  shown  that; 

1) 

Boron  trichloride,  ethane  and  propane  increase 
the  deposition  rate  of  carbon  from  methane. 

2) 

Hydrogen  decreases  the  deposition  rate  of 
carbon  from  methane. 

3) 

The  effect  of  higher  hydrocarbons  appears 
to  saturate  at  the  higher  concentrations. 

4) 

Boron  trichloride  increases  the  deposition 
rate  of  carbon  more  with  the  higher  hydro¬ 
carbons  than  with  methane. 

5) 

Hydrogen  decreases  the  deposition  rate  of 
carbon  less  with  the  higher  H ’rocarbons 
than  with  methane. 

6) 

All  the  effects  ar*  clplicative. 
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RECOMMENDATIONS 


The  results  of  this  work  have  shown  that  primary  interactions  can  and 
do  occur  in  certain  gas  mixtures  used  for  chemical  vapor  deposition  of 
carbon.  The  results  must  be  considered  if  impure  methane  is  used  or  if 
additives  (such  as  boron  trichloride)  are  used. 

It  must  be  remembered*  however*  that  these  results  were  all  obtained  at 
low  temperature  (150Q°C).  The  relative  Importance  of  the  data  at  the 
higher  temperatures  usually  used  for  deposition  has  cot  been  determined. 

It  is  recommended  that  these  results  be  used  and  extrapolated  with  caution 
until  further  studies  at  Rennselaer  are  published. 

F.  HAFNIUM  ALLOY  DEPOSITION  STUDIES  (Task  3.4. 2.4)* 

BACKGROUND 


An  investigation  was  conducted  on  an  improved  method  of  introducing 
and  controlling  the  addition  of  hafnium  to  the  vapor  deposition 
process  for  producing  hafnium-alloyed  pyrolytic  graphite.  This 
investigation  was  conducted  in  order  to  evaluate  the  potential  of 
hafnium-alloyed  pyrolytic  graphite  as  a  material  for  the  fabrication 
of  nose  cones*  rocket  nozzles  and  other  high  performance  assemblies. 

The  advantage  of  this  material  is  that  it  exhibits  simultaneously 
a  number  of  desirable  properties  among  which  are  high  mechanical 
strength  at  elevated  temperatures,  good  resistance  to  oxidation* 
outstanding  resistance  to  erosion*  and  good  thermal  behavior. 

Unfortunately,  technical  problems  associated  with  the  apparatus 
used  to  feed*  control  and  record  the  hafnium  flow  to  the  furnaces 
(where  attempts  have  been  made  to  produce  hafnium  alloyed  pyrolytic 
graphite)  have  curtailed  the  production  of  useful  engineering  shapes. 

In  the  past*  several  schemes  were  evolved  concerning  the  design  of 
a  hafnium  feed  system.  These  have  included  the  vaporization  of  a 
static  mass  of  HfCl4  crystals  to  yield  a  supply  of  HfCl4  vapor*  the 
vaporization  of  a  column  of  HfCl4  fed  continuously  into  a  small 
heated  chamber,  and  the  reaction  of  &2  gas  with  heated  hafnium  metal 
chips.  None  of  these  systems  proved  to  be  entirely  satisfactory 
from  the  standpoint  of  yielding  a  steady,  reliable  flow  of  hafnium¬ 
bearing  vapor. 

The  system  which  has  been  designed  and  is  being  assembled  In  this  study 
is  based  on  the  controlled  vaporization  of  a  continuously  agitated 
mass  of  HPClk  (Ref.  80).  It  is  felt  that  this  system  will  avoid 
the  difficulties  met  within  the  other  systems  previously  described  and 
will  allow  precise  control  over  the  flow  of  hafnium  bearing  vapor  to 
the  furnace. 


♦This  Task  is  still  being  carried  out  at  General  Electric 
Company  expense  under  funding  from  Development  Authoriza¬ 
tion  8157-Lo- 34-003. 


DESCRIPTION  OP  HfCl^  FEED  SYSTEM 

Systems  "based  on  the  vaporization  of  a  static  mass  of  HfCi^  and  also 
on  the  reaction  of  heated  hafnium  metal  chips  with  Cl,  gas  suffer 
■from  a  diminishing  rate  of  reaction  or  vaporization  with  time,  and 
require  increasingly  higher  temperatures  in  order  to  secure  a  steady 
flow  of  hafnium.  Presumably  this  behavior  is  due  to  some  condition 
involving  the  surface  of  tlie  HfCl4  crystals  or  the  hafnium  metal 
chips;  possibly  the  formation  of  a  crust  of  HfCg  or  HfOCl2»  due  to 
residual  traces  of  oxygen,  or  the  formation  of  very  large  perfect 
crystals  of  HfCl^  having  a  low  rate  of  vaporization.  It  would  seem 
that  the  scheme  involving  the  progressive  vaporization  of  a  column 
of  HfClA  fed  into  a  heated  vaporizer  would  avoid  this  difficulty 
by  supplying  to  the  vaporizer  a  steady  flow  of  fresh  material  in 
which  surface  changes  had  not  yet  occurred.  Unfortunately  this  method 
does  not  yield  a  uniform  flow  of  hafnium,  probably  due  to  difficulty 
in  mechanically  feeding  the  HfCl^  powder  to  the  vaporizer  and  in  the 
inherent  irihomogeneity  of  the  powder  in  the  column. 

In  order  to  circumvent  the  above  mentioned  difficulties,  a  system 
was  devised  based  on  the  controlled  vaporization  of  a  continuously 
agitated  mass  of  HfCl4,  Agitation  is  accomplished  by  means  of  a 
motor  driven  impeller  and  insures  the  continuous  production  of  fresh 
crystal  surface  by  mixing  and  abrasion  of  the  HfC^  crystals.  Vapor¬ 
ization  rate  is  controlled  by  regulating  the  vaporizer  temperature. 

A  pressure  transducer  senses  the  vapor  pressure  of  the  HXCI4  in  the 
vaporizer  and  signals  a  proportional  controller  which,  in  turn, 
regulates  the  vaporizer  temperature  to  maintain  a  steady  pre-selected 
pressure  in  the  chamber.  Flow  of  HfCl4  vapor  is  controlled  by  a 
micrometer  handle  metering  valve  and  is  monitored  by  s  thermal  con¬ 
ductivity  type  flow  meter. 

The  vaporizer  itself  is  of  stainless  steel,  has  a  capacity  of  1  cubic 
foot  and  contains  up  to  10  kg.  of  HfCU,  sufficient  material  for  81 
hours  of  operation  at  a  flow  rate  of  145  s.c.c.p.m.  (0.310  SCFH) 

The  vaporizer  is  heated  to  temperatures  of  200°  to  300°C  in  order  to 
provide  HfCl4  vapor  at  pressures  up  to  400  torr.  A  6  r.p.m.  stirrer, 
driven  through  a  special  carbon  face  rotary  seal  in  order  to  agitate 
and  abrade  the  powder  was  originally  planned,  but  the  design  has 
been  altered  to  a  triple  seal  on  the  basis  of  troubles  experienced 
by  the  subcontractor  making  the  vaporizer. 

The  pressure  transducer  is  a  thin  film,  strain  gauge  type  and  monitors 
the  vaporizer  pressure  at  the  ambient  temperature  of  the  vapor.  A 
Honeywell  recorder  and  controller  accepts  the  pressure  transducer 
signal  and  produces  a  proportional  output  to  drive  a  silicon  controlled 
rectifier,  which  supplies  power  to  the  vaporizer. 

The  vapor  is  throttled  through  a  Nupro  stainless  steel,  bellows-sealed 
metering  valve  with  micrometer  handle.  Flow  is  monitored  with  a 
Hastings-Raydist  mass  flow  meter.  This  instrument  operates  on  a 
unique  thermal  conductivity  principle  enabling  it  to  measure  small 
flow  rates,  at  high  temperatures  and  low  pressures  in  corrosive 
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environments,  and  has  been  used  successfully  In  connection  with  such 
materials  as  WF$  and  UFg.  The  HfCl^  vapor  is  mixed  with  hydrocarbon 
gas  and  then  fed  through  an  electrically  heated  stainless  steel  nozzle 
into  the  earbon  resistance  furnace  where  the  hafnium-alloyed  pyrolytic 
graphite  is  to  be  deposited. 

All  lines  are  316  stainless  steel  tubing  and  connections  are  made 
using  stainless  steel  "Swagelock"  fittings  and  adaptors.  Components 
such  as  the  flew  meter  and  pressure  transducer  are  of  stainless  steel 
or  monel  metal.  All  valves  are  bellows  sealed  of  stainless  steel 
construction  and  capable  of  operation  at  600°F.  The  entire  system 
is  heated  with  nichrcme  resistance  wire  sheathed  in  fiberglaa  and 
monel  metal,  and  thermally  insulated  with  a  woven,  staple  flberglag 
tape.  Temperatures  of  the  feed  lines,  valves,  sensing  elements  and 
vaporizer  are  measured  by  chromel-alumel  thermocouples  which  are  fed 
through  a  compensated  switching  arrangement  to  a  galvanometer  type 
pyrometer.  A  schematic  diagram  of  the  feed  system  and  associated 
vacuum  manifold  is  shown  in  Figure  240. 

In  order  to  prevent  condensation  (actually  sublimation)  of  Hf&4  in 
the  injector  nozzle  gas  conduit  and  orifice,  this  section  must  be 
maintained  at  an  elevated  temperature.  Assuming  that  pure  HfCl^  vapor 
is  to  be  injected  through  the  nozzle,  a  temperature  of  approximately 
575°F  (300°C)  must  be  maintained.  Dilution  of  the  HfCl^  vapor  with 
hydrocarbon  gas  reduces  the  required  temperature  considerably. 

In  order  to  satisfy  the  condition  elevated  temperature  without 
unduly  increasing  the  bulk  of  the  .e  (a  large  diameter  nozzle 
introduces  difficulty  in  the  fabrication  of  small  diameter,  small 
half-angle  nose  cones)  heating  is  accomplished  by  passing  an  electric 
current  directly  through  the  gas  conduit.  Since  the  low  resistance 
of  the  stainless  steel  tube  is  only  of  the  order  of  0.1  ohm,  a  low 
impedance  power  source  is  required. 

Using  a  1--1/2  KVA  filament  transformer  (120  volt  primary/ 12  volt 
secondary)  controlled  by  a  3  KVA  variable  transformer,  and  approxi¬ 
mately  30  mils  of  polyimide-flberglas  sleeving  as  insulation,  it 
was  found  possible  to  maintain  a  temperature  of  600°F  within  the  gas 
conduit  while  the  exterior  of  the  insulation  was  Immersed  in  cold 
water.  Only  0.5  KVA  was  required  to  heat  an  actual  conduit  removed 
from  a  damaged  nozzle. 

Mounting  of  the  components  of  the  above  described  system  is  subject 
to  certain  constraints.  The  nozzle  must  be  capable  of  being  raised 
and/or  lowered  during  the  course  of  a  run  as  well  as  rotated  through 
angles  as  great  as  180°.  Due  to  the  necessity  of  using  stainless 
steel,  the  only  suitable  material  for  the  construction  of  this 
system,  and  the  inherent  stiffness  of  stainless  steel  hose,  it  would 
require  an  impractlcally  long  length  of  such  hose  in  order  to  achieve 
the  flexibility  of  motion  outlined  above.  In  addition,  flexing  of 
the  hose  in  the  presence  of  HfCl^  at  elevated  temperatures  might 
result  in  stress  corrosion  failure. 
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As  aa  alternate  procedure,  it  was  decided  to  mount  all  the  components 
of  the  system  including  the  nozzle  hut  excepting  electrical  equipment 
an.  a  portable  elevating  table,  giving  the  capability  to  raise  or  lower 
the  nozzle  as  required.  Rotation  of  the  nozzle  is  achieved  as  required 
either  through  the  use  of  a  rotating  carbon  face  seal,  or  by  equipping 
the  elevating  table  with  a  rotating  platform  on  which  all  of  the  rigid¬ 
ly  connected  components  were  mounted.  The  vacuum  pump  is  mounted  on 
the  lower  shelf  of  the  elevating  table*  The  associated  electrical 
equipment  is  mounted  on  a  separate  portable  table* 


COMPOSE®!  SPEC  IFICATIQHS 


A  list  of  the  specialized  c exponents  used  in  this  system  is  given 
below*  (Refer  to  Figure  2^0): 

1.  Vaporizing  Oven;  The  final  design  of  the  oven  has  not  yet 

been  detailed.  This  design  will  conform  to 
the  following  requirements: 


Capacity: 


1  cubic  foot. 


Forts: 


Static  Seals: 


Removable  top  or  side  for  cleaning.  Addi¬ 
tional  V*  diameter  port  for  fill. 

Gold  wire  ”0"  rings  or  "V"  seals. 


Rotary  Seal:  Originally  a  carbon  face  bellows  type  seal 

as  shown  in  Drawing  B  FFD-918  Sealol  Inc., 
Providence,  R.I,  It  is  now  being  rede¬ 
signed  as  a  triple  seal. 

Stirrer:  6  R.P.M.  l/2  B.P. 


Drive  Shaft:  Approximately  3  A"  diameter.  To  engage 

mixing  blade  by  means  of  dls-engageable 
spline. 

Vacuum  Connection:  1/211  o.d.  with  Internal  powder  baffle. 


Temperature 

Capability:  300°  continuous. 


Power: 


Vacuum: 


2.  Valves: 

VI,  V6: 

V3,  V4: 


208  volts  A.C.  single  phase.  5KV-A  or  less 
at  maximum  temperature. 

Ultimate  vacuum  of  10  microns  with  vapor¬ 
izer  empty. 


"Rupro"  SS-8BG  sealed  bellows  valves  with 
replaceable  bellows.  All  S.S,  1/2" 
"Swagelock"  connections. 

"Hoke "  "roto-ball"  3013^-1  bar  stock  valve. 
303  S.S.  with  "teflon"  "0"  rings  l/2" 
N.P.T.  female  connections. 


n,  v8,  vn, 

FL2,  Yl'j,  Tiki 
V9,  V10: 


-4.  Flexible  Hose 
(wUyi  Tube  Freeze 
Out  Trap); 


4a.  Dewar  Flask 


Trap); 


5*  Resistance  Heating 
Wire; 


6.  Thermal  Insulation; 


7.  Tube  Fittings: 


8.  Thread  lubricant 


9#  Pressure  Transducer; 


’’Hoke"  56IB  spring  loaded  toggle  valve. 
Pressure  relief  range  45-55  psig  Nickel 
plated  Brass.  lA"  N.P.T.  male  connections. 

"lake"  458  toggle  valve*  Angle  flow  pattern. 
Brass.  "Vitan"  seat  and  "0"  ring.  lA" 
N.P.T.  male  connections. 


"Nupro"  SS-4E  sealed  "bellows  valve.  ’’AH 
S.S.  lA”  "Swagelock"  connections. 

"Nupro"  SS-4  MG  micrcsneter  handle  "bellows 
sealed  metering  valve  with  replaceable 
bellows.  All  S.S,  lA"  "Swagelock"  connec¬ 
tions. 

Precision  Scientific  Model  D-25  vacuum  pump. 
25  l.p.m.  Two  stage  (compound  model). 
Ultimate  vacuum  0.1  micron. 


"Swagelock"  810-6FE  (34s)-3l6  flexible  metal 
hose  with  "Swagelock"  union  end  fittings, 
both  ends.  AH  S.S.  Hose  diameter  3A"» 
live  hose  length  19". 

Fisher  #10-197  flask,  evacuated,  pyrex  brand 
glass,  wide-mouth,  4  quart  capacity,  6"  i.d. 

"Tophet"  c  ni chrome  wire  with  fiberglas  in¬ 
sulation  and  monel  sheathing.  Resistance 
4.251  ±  %  ohms/ft.  28  gauge.  (Haddam  Mfg. 
Co.,  Haddam,  Conn.) 

Style  #2275  type  ESS-13A  Staple  Fiber 
Glaspun  (Fiberglas)  Tape.  0.025"  thick  x 
3A”  wide.  (Atlas  Asbestos  Co.,  North 
Wales,  Pa. ) 

316  Stainless  Steel  "Swagelock"  fittings  and 
adaptors  as  required. 

"Swagelock"  "Silver-Goop" 

Statham  Instruments  model  PA-732-TC-10-350 
thin  film  strain  gauge  pressure  transducer. 
AH  S.S,  Bridge  resistance  350  ohms. 
Temperature  capability  to  6C0°F.  Pressure 
range  0-10  P.S.I.A.  Complete  with  high 
temperature  electrical  mating  plug. 
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Transducer: 


11.  Pressure  Recorder 
and  Controller: 


12.  Flowmeter: 


13.  Thermocouples: 


1.4  •  Silicon  Controlled 


15.  Power  Transformer 
for  Heated  Nozzle: 


16.  Insulating  Sleeving 
for  Heated  Nozzle: 


Sorensen  QB6-2  transistorized  low  voltage 
D.C.  Supply.  5-9  V.D.C,  2  amperes  maximum 
output  current. 

Honeywell  183OH36-OI-3I-O-TOO-OO6-OT-OI9- 
053.  Electronik  18  Single  Record  Strip  Chart 
Recorder  with  Integrally  Mounted  Electr-0- 
Volt  Current  Proportioning  Control. 

Hastings-Raydist  LF-100X  Mass  Flowmeter.  Dial 
face  scale  0-100  linear.  Type  100  MX  monel 
flow  transducer  modified  far  600°F  operation. 
Calibration  curve  of  0-150  s.c.c.p.m,  HfCl^ 
vs.  0-100  linear  dial  included.  8  ft.  connect¬ 
ing  cable  with  high  temperature  wire  and 
connector . 

Chromel-Alumel  type  G/g-24-CT  fiberglas  in¬ 
sulation  and  sheathing.  24  gauge. 

Barber-Colman  62IA-20860-058  Silicon  Control¬ 
led  Rectifier  Power  Pack.  208  volts  single 
phase.  5*8  KVA.  Forced  Air  cooling.  Solid 
state  with  power  output  meter,  inrush  pro¬ 
tection,  current  limiting,  bias  control  and 
line  voltage  compensation. 


General  Electric  9-10-51  Y-lll  Filament 
Transformer.  Primary  120-240  volts.  Second¬ 
ary  12-24  volts.  l-l/2  KVA. 


Berrtly-Harris  9^3  ML  Grade  B  Polyimide- 
Fiberglas  sleeving.  Size  8. 


STATUS 


The  assembly  of  the  hafnium  feed  system  was  delayed  because  of  procurement 
problems.  The  vendor  who  was  subcontracted  to  construct  the  vaporizer 
experienced  extreme  difficulty  in  building  a  vacuum  seal  for  the  drive 
assembly  which  could  be  heated  to  200-300°C,  and  still  maintain  the  re¬ 
quired  partial  pressure.  This  problem  was  solved  by  a  redesign  which  re¬ 
placed  the  original  seal  with  a  triple  seal.  The  outer  seal  in  the  redesign 
unit  is  now  unheated.  The  vaporizer  is  completed  and  has  been  shipped  to 
General  Electric  Company,  Re-Entry  Systems  Department.  The  hafnium  feed 
system  is  assembled  except  for  Installing  the  vaporizer. 

This  equipment  will  now  be  available  for  conducting  studies  in  the  refractory 
metal  alloying  of  pyrolytic  graphite  on  future  programs. 
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X.  ADVMCED  STUDIES  FOR  REFLEX  FLOW  SYSTEMS 

A.  BE3LAMLWION  CONTROL  STUDIES  (TASK  3,3.7.) 

According  to  the  Work  Stetment  for  Task  3.3.7,  "Controlled  nozzle 
movement  (insert  and/or  withdrawal) ,  controlled  pressure  variation 
and  gas  preheating  will  be  evaluated  as  techniques  for  removing  the 
thin  spot  characteristic  of  the  walls  of  state  of  the  art  nose  cones. 
Removal  of  this  thin  spot  will  eliminate  the  associated  de laminations 
which  are  not  parallel  to  the  outside  deposition  surface." 

BACKGROUND 

The  nose  cones  of  boron-alloyed  pyrolytic  graphite  in  general  use 
require  nose  tip  thicknesses  of  one  inch  or  greater  and  with  wall 
thicknesses  of  about  180  to  200  mils.  Two  closely  related  problems 
exist  in  producing  such  cones.  At  a  position  just  outside  the  nose 
tip  region,  a  thin  spot  often  exists  along  the  wall.  Because  of  this 
thin  spot,  de laminations  in  the  surrounding  material  are  not  parallel 
to  the  outer  deposit  surface.  The  delaminations  approach  the  outer 
surface  near  the  thin  deposit. 

The  objective  of  this  task  was  to  evaluate  several  specific  process 
modifications  which  might  improve  the  delamination  pattern  in  nose 
cones  by  reducing  or  eliminating  the  thin  spot  just  outside  the  nose 
tip  region,  and/or  by  changing  various  properties  of  the  material 
deposited  in  the  nose  tip  region. 

Some  related  work  had  already  been  done  in  other  tasks  and  influenced 
the  work  planned  for  this  task.  Nozzle  position,  for  instance,  was 
shown  (in  Task  3. 4.2.1)  to  have  an  effect  on  the  profile.  This 
suggested  that  a  combination  of  nozzle  positions,  varied  during  the 
course  of  deposition,  might  provide  a  more  favorable  delamination 
pattern  than  could  be  obtained  from  any  single  position.  This  idea 
of  "dynamic  processing"  could  also  be  applied  to  other  process 
variables. 

Since  there  had  been  indications  by  end-users  of  nose  cones  that  seme 
reduction  in  anisotropy  could  be  allowed  in  the  nose  tip  region, 
increased  deposition  pressure  appeared  to  be  one  process  variation 
which  might  have  several  desirable  effects.  First,  material  with  a 
somewhat  lower  anisotropy  might  be  deposited  at  higher  pressures  and 
the  deposit  with  its  lower  anisotropy  would  be  delaminated  to  a 
lesser  degree,  due  to  lower  residual  stresses.  Also,  increased 
deposition  pressure  could  have  a  desirable  effect  on  thickness  profile 
in  the  nose  tip  region.  It  was  recognized,  however,  that  the  problems 
associated  with  undesired  growths  on  the  nozzle  and  in  the  downstream 
exhaust  paths,  are  always  more  severe  with  increasing  deposition 
pressure.  For  this  reason,  a  better  approach  appeared  to  be  a  form 
of  dynamic  processing  where  high  pressure  was  used  only  in  the  early 
stages  of  deposition  to  develop  the  desired  characteristics  in  the 
nose  region.  This  would  then  be  followed  by  decree fling  pressure  to 
develop  the  desired  material  characteristics  and  thickness  in  the 
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cone  outside  the  nose  region. 

Neither  nozzle  position  nor  pressure  is  an  isolated,  independent 
variable,  so  changes  in  either  would  have  secondary  effects.  For 
instance,  both  variables  influence  the  rate  at  which  the  inlet  gases 
are  heated,  and  thus  Influence  the  rates  of  chemical  reactions  in 
the  gas.  They  also  control  the  gas  flow  patterns  within  the  mandrel. 

The  nozzle  is  a  flow  barrier  in  the  deposition  system  by  virtue  of 
its  size  and  position  in  the  reflex-flow  gas  stream.  Pressure  also 
affects  the  flow  patterns  and  stream  lines  within  the  mandrel.  Reaction 
rates  vary  with  the  square  root  of  pressure  in  most  systems. 

Heating  rates  are  obviously  important  since  a  high  rate  of  deposition 
is  required  at  the  initial  point  where  the  gas  stream  meets  the  mandrel 
(in  the  nose  tip  region).  Special  modifications  to  the  inlet  nozzle 
were  desired  which  could  provide  some  preheating  of  the  gas  before 
its  arrival  at  the  nose  tip. 

EXPERIMENTAL  CONDITIONS  SELECTED 
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As  initially  planned,  the  work  in  this  task  would  cover; 

a)  Nozzle  position  variations  during  the  deposition  cycle. 

b)  Pressure  variations  during  the  deposition  cycle. 

c)  Preheating  of  the  inlet  gas. 

in  a  series  of  subtasks.  As  actually  carried  out,  two  forms  cf  a) 
were  investigated,  and  another  element  d)  was  added;  Deposition  at 
various  inlet  flow  rates 

In  all  cases,  the  deposits  were  nose  cones.  Each  was  a  lA"  radius, 

10°  half -angle  cone,  similar  to  SA317A,  shown  as  Figure  3.  The 
deposition  assembly  is  shown  schematically  as  Figure  157.  Figure  24l 
shows  the  graphite  parts  in  the  several  stages  of  assembly.  The 
mandrels  were  made  from  Grade  A  graphite  and  all  other  design  considera¬ 
tions  were  consistent  with  recommendations  developed  in  the  mandrel- 
related  tasks  (3.3.1  through  3.3.5). 

The  inlet  nozzles  were  water-cooled,  stainless  steel,  with  a  13/16" 
o.d.  and  a  O.O69  inch  diameter  gas  discharge  orifice.  In  all  cases, 
the  nozzle  was  rotated  electro-mechanically  at  1  rpm  during  the 
deposition  cycle  to  minimize  the  effects  of  any  minor  misalignments. 

In  those  cases  where  nozzle  movements  were  required,  they  were  carried 
out  without  interruption  of  reactant  flows  or  injector  rotation, 
rotation. 

Detroit  natural  gas  and  technical  grade  cylinder  boron  trichloride 
were  used  aB  the  reactants  for  all  runs.  The  flows  were  metered  and 
mixed  prior  to  introduction  into  the  nozzle. 

The  process  parameters  selected  as  standard,  from  which  variations 
were  to  be  made,  were  consistent  with  the  recommendations  from  Task 
3.5.1*  except  where  noted.  The  deposition  temperature  in  all  cases 
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was  37pO°F«  A  standard  pressure  of  2mm  was  used  instead  of  the  %m. 
recommended  in  3*5.1,  since  high  deposition  rates  were  not  required 
in  this  work.  The  2  mm  pressure  was  considered  a  conservative  approach 
which  would  allow  the  best  execution  of  a  large  number  of  runs.  In 
most  of  the  cases,  nozzle  position  was  a  variable  but  in  those  cases 
where  it  was  not,  a  position  8-1/2”  from  the  nose  was  used,  as  recom¬ 
mended  in  Task  3.5.1.  A  reactant  flow  of  10  efh  natural  gas  was 
standard,  with  some  variations  as  indicated  in  the  discussions.  Boron 
trichloride  was  not  graded  as  recommended  in  Task  3.5*  1,  since  there 
was  some  concern  that  there  might  be  leakage  at  the  stem  of  the  control 
valve  used  to  grade  the  flow.  In  view  of  this,  constant  boron  flows 
were  used  although  the  results  in  each  case  might  be  bettered  by  boron 
grading. 

Following  the  post  deposition  cool-down,  the  cone  deposit  was  separated 
from  the  mandrel  and  supporting  base,  using  conventional  hand  tools. 

The  cone  was  then  radiographed  in  two  views,  both  with  the  longitudinal 
axis  of  the  cone  parallel  to  the  film  plane  and  one  view  right  angles 
to  the  other.  The  deposition  thickness  profile  was  determined  from 
the  radiographs  from  which  preliminary  appraisals  of  the  delamination 
patterns  could  also  be  made. 

Delamination  patterns  in  the  nose  region,  back  to  the  thin  spot  along 
the  wall,  were  the  primary  concern  in  this  task.  To  obtain  a  more 
precise  view  of  the  de lamination  pattern  in  the  nose  region,  each 
was  potted  inside  and  out,  in  a  self -hardening  plastic.  The  nose  was 
then  cut  off  slightly  off  the  longitudinal  axis,  but  parallel  to  it 
using  an  abrasive  wheel.  It  was  then  polished  back  as  close  to  the 
axis  as  possible.  A  photographic  enlargement  of  this  section  was  made 
at  approximately  5X.  This  photograph  provided  a  detailed  view  of  the 
nose  region  for  comparison  with  other  deposits. 

In  an  attempt  to  make  the  analysis  of  the  delamination  pattern  less 
subjective,  the  delaminations  were  located  and  classified  according 
to  gap  width  using  a  bench  microscope  equipped  with  a  micrometer  eye¬ 
piece.  Tightness  of  delaminations  was  ranked  in  the  fashion  suggested 
by  Raytheon  in  Task  3. 4, 2.1  work:  that  is:  WL— very, very  loose 
(10  mils):  VL— very  loose  (5  mils):  L— loose  (3mils);  T— tight  (imil); 
and  VT— vary  tight  ( <  1  rail) ,  In  most  cases,  though,  the  information 
was  easier  to  interpret  by  visual  examination  of  the  polished  sections 
or  from  photographs  of  them.  Boron  assay  by  the  pyrohydrolysis  (color- 
metric)  method  was  conducted  separately  on  the  first  and  last  half  of 
the  material  deposited  in  each  nose  section,  and  the  first  and  last 
half  of  the  material  deposited  in  each  skirt  at  a  point  about  8  inches 
from  the  nose. 

Unit  cell  height  C0  was  determined  by  X-ray  diffraction  on  the  first 
and  last  deposited  material  of  each  cone  in  the  nose  and  skirt  area. 
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The  results  of  each  subtask  are  discussed  separately  and  at  some 
length  in  order  to  show  what  had  been  expected,  how  the  results  were 
interpreted,  and  how  each  set  of  results  influenced  the  next  runs. 

Subtask  3. 3. 7-1.  Table  LHI  summarizes  the  processing  conditions  and 
characteristics  of  the  deposits  made  in  this  subtask.  These  four  runs 
were  designed  to  evaluate  the  effect  on  the  deposition  profile  of 
variations  in  nozzle  position  during  the  the  deposition  cycle.  Hope¬ 
fully,  such  processing  would  provide  a  nose  tip  about  1  inch  thick  , 
measured  along  the  longitudinal  axis  of  the  part,  and  a  uniform  wall 
thickness  of  about  0.200  inch.  Run  6050  was  the  first  deposit  and 
was  started  using  a  nozzle  to  nose  distance  of  7  inches.  Experience 
had  shown  that  this  nozzle  position  would  yield  good  deposition  rates 
in  the  nose  region  but  was  not  completely  satisfactory  because  of  a 
very  low  deposition  rate  immediately  outside  the  nose  region,  causing 
a  thin  spot  in  the  deposit.  During  the  run  the  nozzle  was  withdrawn 
l/4  inch  every  5  hours  so  that  after  nine  5-hour  periods,  the  nozzle 
had  been  moved  to  9  inches  from  the  nose.  Positions  from  8  inches 
to  9  inches  were  believed  to  be  better  with  respect  to  a  uniform  wall 
profile  but  would  not  produce  as  thick  a  nose  as  the  7-inch  position. 
Figure  242  is  the  actual  profile  of  the  deposit:  Figure  243  the  radio¬ 
graph;;  and  Figure  244  the  5X  photograph  of  the  polished  nose  section. 
The  desired  profile  was  not  obtained.  In  this  case,  the  minimum  wall 
is  somewhat  thinner  than  what  might  be  expected,  even  for  a  deposit 
whose  full  term  has  been  at  a  7-inch  nozzle  position. 

The  next  run  (4063)  was  the  same  as  6050  except  the  initial  nozzle 
position  was  6  inches  from  the  nose  and  the  incremental  adjustments 
were  l/2  inch  every  5  hours,  instead  of  l/4  inch.  In  this  case,  the 
run  was  terminated  prematurely  when  it  was  observed  that  nozzle  with¬ 
drawal  was  not  occurring  even  though  the  withdrawal  apparatus  had 
been  activated.  Post-run  examination  revealed  a  pyrolytic  growth  on 
the  nozzle,  which  interfered,  with  withdrawal.  Figure  245  i0  a  picture 
of  this  growth. 

Run  6053  was  a  repeat  of  4063,  and  Figures  246,  Skj  and  248  are  the 
profile,  radiograph  and  photograph,  respectively,  of  the  cone.  In  this 
case,  the  overall  deposition  rate  was  abnormally  low.  The  furnace  and 
deposition  assembly  were  examined  for  signs  of  oxidation  which  would 
be  evidence  of  a  leak.  No  evidence  of  oxidation  was  found.  The  pro¬ 
file  of  this  run  Indicated  that  the  deposition  rate  was  definitely 
below  what  should  be  expected.  Although  there  were  no  visible  signs 
of  excessive  oxidation,  it  is  thought  that  there  was  an  oxidant  being 
introduced  along  with  the  reactants,  in  a  quantity  sufficient  t*- 
materially  alter  the  observed  deposition  rates. 

The  last  run  in  this  subtask  (6056)  was  a  third  attempt  to  deposit 
a  cone,  using  the  6-inch  to  10  -inch  nozzle  withdrawal.  The  character¬ 
istics  of  this  cone  as  shown  by  the  profile,  radiograph  and  photograph 
(Figures  through  251)  are  somewhat  different  from  those  of  the  first 
run  (6050).  It  appears  that  the  6-through  10- inch  withdrawal  was  not 


as  effective  as  the  7-through  9-inch  withdrawal  for  developing  the 
desired  nose  thickness.  The  vail  thickness  was  not  really  altered 
much  by  the  nozzle  movements.  The  0.110  inch  vail  for  the  6050 
deposit  vas  considered  to  be  at  the  lov  end  of  the  normal  variation 
of  vail  thickness,  the  0,170  inch  vail  for  6056  is  about  average  for 
previous  results  of  cones  run  at  fixed  8-  inch  nozzle  positions, 

None  of  the  deposits  exhibit  any  de lamination  patterns  which  could 
be  classified  excellent.  The  samples  designated  for  boron  assay  in 
run  6050  were  lost  prior  to  analysis  and  not  replaced.  Boron  contents 
are  reported  for  the  other  deposits.  Although  the  boron  content  varied 
frcm  one  cone  to  the  other  for  no  apparent  reason,  two  other  trends  are 
evident:  that  is,  a)  for  a  constant  boron  trichloride  flow  the  amount 
incorporated  in  the  first  half  of  the  deposit  was  less  than  that  in 
the  last  half  and  b)  the  boron  incorporated  in  the  skirt  region 
exceeded  that  in  the  nose  region  for  a  given  cone.  Higher  boron  con¬ 
centration  in  the  last  half  of  the  deposit  vas  attributed  to  an  uncon¬ 
trolled  increase  in  deposition  pressure  associated  with  the  closing 
of  the  exhaust  ports  as  deposit  thickness  increased.  This  judgment 
vas  supported  by  the  repetition  of  this  effect  in  subsequent  runs  where 
the  nozzle  was  not  moved.  The  changes  in  cell  height  (Co)  from  first 
to  last  deposited  layers  seem  to  be  consistent  with  the  increase  in 
boron  content  frcm  first  to  last  deposit. 

Subtask  3. 3. 7-2.  In  this  subtask  the  goal  was  to  deposit  the  initial 
material  at  a  uniform  thickness  and  then  to  deposit  at  conditions 
which  would  give  a  preferential  deposition  rate  in  the  nose  region. 

This  type  of  processing  could  avoid  the  undesirable  delamination 
pattern  found  in  many  cones,  where  the  initial  (or  outer)  delaminations 
approach  and  nearly  intersect  the  exterior  surface  immediately  behind 
the  solid  portion  of  the  nose.  A  uniform  coating  would  displace  the 
first  non-parallel  delamination  inward  where  it  would  not  be  exposed 
during  use.  The  processing  conditions  and  results  for  this  subtask  • 
are  summarized  in  Table  LIV. 

The  first  run  (6054-)  used  an  initial  nozzle  position  of  12  inches  from 
the  nose,  at  otherwise  conventional  deposition  conditions.  The  12- 
inch  nozzle  position  was  maintained  for  12  hours  and  then  a  7-inch 
position  was  used  for  the  balance  of  the  run.  The  12  -inch  position 
was  considered  the  most  favorable  for  obtaining  the  desired  uniform 
profile  for  the  first  deposited  material.  Figure  252  is  the  profile 
of  6054,  and  Figure  253  and  254  the  radiograph  and  photograph  Qf  the 
cross-section.  Figure  254  clearly  indicates  that  the  delamination 
pattern  was  modified.  The  pattern  is  very  favorable  from  the  stand¬ 
point  of  the  location  of  the  first  non-parallel  delamination  with 
respect  to  the  wall.  This  type  of  thickness  distribution,  however, 
could  cause  voids  in  the  nose  tip  region  if  continued  in  small  half¬ 
angle  cones  because  of  the  increasing  rate  with  increasing  distance 
from  the  nose.  The  anomaly  in  the  nose  of  this  deposit  is  not  com¬ 
pletely  understood.  It  may  have  been  the  result  of  heavy  scot  buildup 
due  to  an  unobserved  process  variation.  There  is  an  initial  deposit 
of  normal  material  which  indicates  that  the  12-inch  nozzle  position 
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by  itself  vas  not  the  cause  of  sooting.  The  deposition  rates  of  the 
Initial  deposit  were  between  2  and  5  mils  per  hour. 

Bun  6055  was  another  run  to  deposit  an  initial  uniform  coating  followed 
.by  a  conventional  deposit.  In  this  case,  the  12-ineh  nozzle  position 
vas  used  again,  but  the  gas  flow  during  the  initial  period  was  modified 
by  reducing  the  methane  to  4  cfh  instead  of  10  cfh,  and  by  adding  a 
considerable  amount  of  diluent.  The  profile,  radiograph  and  photograph 
of  this  deposit  are  shown  as  Figures  255,  256  and  257  respectively. 

The  photograph  shows  that  the  initial  material  had  the  desired  profile 
in  that  it  was  parallel  to  the  outside  contour  and  the  first  delamin¬ 
ation  was  not  less  than  30  mils  fran  the  outer  surface,  as  compared 
to,  the  5  to  20  mils  from  the  outer  surface  obtained  in  subtask  1 
deposits. 

The  final  deposit  of  the  series  was  run  6057.  This  was  a  repeat  of 
the  first  run  (605k),  except  with  reduced  boron  trichloride  flow.  This 
flow  was  reduced  in  an  attempt  to  avoid  the  apparent  sooting  problems 
experienced  in  6054.  The  surface  condition  of  this  cone  was  extremely 
poor,  and  the  mandrel  carried  away  portions  of  the  initial  deposit. 

The  reason  for  the  poor  mandrel  release  is  not  known  since  ATJ  graphite 
vas  used.  Figures  258,  259  and  260  are  the  profile,  radiograph  and 
photograph  of  the  deposit.  The  material  lost  at  mandrel  separation 
is  evident  in  Figure  260.  It  was  noted  that  the  deposition  rate  of 
this  initial  deposit  appeared  to  be  higher  than  that  in  6054. 

All  three  of  these  deposits  did  modify  the  delamination  pattern  with 
respect  to  previous  deposits.  This  change  can  be  best  seen  by  com¬ 
paring  the  polished  section  photographs  of  these  cones  with  those  of 
the  cones  deposited  in  subtask  1. 

Boron  content  was  not  determined  for  the  deposits  in  this  subtask. 

X-ray  diffraction  revealed  an  interesting  observation.  The  unit  cell 
height  (C0)  at  the  first  deposited  surface  for  samples  of  this  series 
was  lower  than  that  at  the  last  deposited  surface  in  contrast  to 
the  values  obtained  for  cones  in  subtask  1.  Since  time  at  temperature 
was  about  identical  for  all  these  cones  and  since  at  least  for  run 
6054  the  boron  concentration  in  the  inlet  gas  streams  was  identical, 
these  results  would  indicate  that  unit  cell  height  in  the  solid  is  a 
function  of  nozzle  position.  Closer  positions  gave  higher  values  of 
C0  and  so,  probably,  less  boron  in  the  deposit. 

Subtask  3. 3. 7-3.  The  four  deposits  made  in  subtask  3  are  summarized 
in  Table  LV.  In  this  task,  the  objective  was  to  take  advantage  of 
profile  and  material  modifications  that  might  be  associated  with  high 
deposition  pressures  and  then  combine  these  with  subsequent  lower 
deposition  pressures  in  order  to  deposit  an  inner  cone  shell  of  conven¬ 
tional  material.  The  original  plan  was  to  deposit  serveral  cones  with 
different  initial  deposition  pressures  and,  in  each  case,  reduce  the 
pressure  during  the  run  to  a  low  of  1.5  mm  for  the  last  deposited 
material. 


The  first  m  (5061)  vas  started  at  a  set  of  conditions  corresponding 
to  "standard"  conditions  for  this  subtask,  except  that  boron  vas  reduced 
from  the  O.O83  cfh  to  0.040  cfh.  In  this  case,  a  reduced  boron  trich¬ 
loride  flow  as  selected  because  of  concern  for  sooting  vhich  might  be 
a  problem  at  higher  deposition  pressures.  The  initial  deposition 
pressure  for  5061  vas  5.0  mm  with  planned  decreases  in  pressure  every 
5  hours  during  the  40  hour  deposition. 

This  run  vas  completed  “without  any  apparent  difficulties  and  the 
results  are  shown  as  the  profile  (Figure  26l),  X-radiograph  (Figure 
262),  and  photograph  (Figure  263).  In  this  deposit,  there  vas  an 
increase  in  deposition  rate  in  the  first  inch  back  along  the  vail  from 
the  nose  tip.  This  increase  in  rate  in  close  proximity  to  the  nose 
caused  a  closure  between  the  vails  vhich  formed  a  void  in  the  nose 
region.  The  profile  does  not  present  an  accurate  appraisal  of  the 
cone  since  there  is  no  way  to  show  a  void.  The  unit  cell  height  (CD) 
values  indicated  that  the  anticipated  increase,  which  would  be  associ¬ 
ated  with  a  deposit  of  lower  anisotropy  and  density,  vas  not  obtained. 
The  cell  height  was,  in  fact,  the  lowest  of  any  value  in  the  task  to 
this  point. 

In  order  to  understand  better  the  characteristics  of  higher  pressure 
deposits,  it  vas  decided  that  subsequent  runs  would  be  made  at  constant 
pressures  rather  than  grading  to  lower  values  during  the  runs.  Any 
favorable  results  could  then  be  combined  with  lower  pressure  deposition 
for  the  best  composite  process. 

The  second  run  (5062)  vas  made  at  a  constant  pressure  of  5.0  mm.  The 
run  vas  completed  without  difficulty  and  Figures  2.6k,  265  and  266  are 
the  profile,  X-radiograph  and  photograph  respectively.  Again  in  this 
case  as  in  the  first  run,  the  profile  vas  not  representative  because 
of  a  void  in  the  nose  region.  The  X-radiograph  and  photograph,  however, 
provided  a  very  clear  picture  of  the  profile  and  de lamination  charac¬ 
teristics.  These  results  indicate  that  an  undesirable  profile  resulted 
from  the  5  mm  deposition  pressure.  The  third  run  (5064)  vas  made  at 
deposition  conditions  similar  to  runs  1  and  2  except  the  deposition 
pressure  vas  maintained  at  8.0  mm.  The  profile,  X-radiograph  and 
photograph.  Figures  267  through  2 69,  indicated  that  there  was  no  void 
in  this  cone,  but  not  because  of  a  more  desirable  profile.  The  increase 
in  deposition  pressure  apparently  caused  the  point  of  initial  maximum 
in  deposition  (note  that  in  this  case  there  were  two  maxima)  but  also 
caused  the  position  to  recede  from  the  nose.  If  this  run  had  continued, 
closure  at  2  or  2-l/2  inches  from  the  nose  would  have  occurred. 

To  verify  this  trend  and  determine  if  a  change  in  nature  of  the  profile 
might  be  experienced  with  considerably  higher  deposition  pressure,  the 
next  run  (5068)  vas  made  at  18,0  mm.  This  run  was  terminated  early 
due  to  a  large  growth  on  the  nozzle  vhich  interfered  with  gas  flow, 
the  results  of  this  run  are  shown  as  the  profile,  X-radiograph  and 
photograph  in  Figures  270  through  272.  In  this  case,  the  point  of 
initial  maximum  deposition  rate  is  still  further  displaced  from  the 
nose,  at  about  k-l/2  inches. 


A  review  of  the  runs  in  this  subtask  combined  with  the  knowledge 
gained  in  Task  3«5»1  indicated  that  increasing  deposition  pressure 
above  about  3*0  mm  causes  an  increased  tendency  to  create  voids  in 
the  nose  region.  The  runs  in  this  subbask  are  summarized  in  Figure 
273  where  deposition  rates  for  each  deposit  are  plotted  agains  position 
along  the  cone  axis.  In  the  case  of  runs  1  and  2,  the  peak  rate  is 
not  evident  since  it  is  masked  by  the  closure  and  resulting  void.  Runs 
3  and  k,  however  (8  and  18  mm  respectively)  identify  the  problem  by 
showing  the  shift  from  the  nose  tip  region  of  the  maximum  deposition 
rate  as  pressure  is  increased.  To  prevent  voids,  the  maximum  deposition 
rate  must  he  at  the  nose  tip. 

It  was  also  worth  noting  that  the  C0  values  did  not  increase  with 
increasing  deposition  pressure.  In  all  cases,  the  material  appeared 
to  he  normal  in  appearance  and  in  measured  characteristics.  No  indica¬ 
tion  of  lower  density  and  anistropy  were  obtained. 

Although  subtask  3  was  originally  planned  as  a  6-run  evaluation,  the 
final  two  runs  were  cancelled,  since  increasing  difficulty  with  extrane¬ 
ous  growths  could  he  expected  with  further  increases  in  pressure.  Neither 
was  it  expected  that  any  pressure  between  the  8  and  18  mm  would  produce 
a  better  deposit  than  those  two. 

Subtask  3.3. 7-4.  Work  in  this  subtask  consisted,  of  three  runs,  as 
summarized  in  Table  LVI.  The  objective  was  to  evaluate  the  effects 
of  gas  preheating  on  the  delamination  pattern  and  profile.  The  gas 
preheat  was  accomplished  by  attaching  graphite  caps  to  the  injector 
nozzles  to  provide  a  heated  surface  in  contact  with  the  gas  prior  to 
its  contact  with  the  mandrel.  In  each  case,  the  cap  was  attached  by 
using  SermeTel  Allen  PBX  ceramic  cement. 

Run  5056  was  made  using  deposition  conditions  which  were  normal  for 
nose  cones  of  this  radius  and  half -angle.  Figure  is  a  sketch  of 
the  nozzle  cap  used  for  the  run.  Run  5056  was  terminated  shortly  after 
gas  was  turned  on  due  to  an  obstruction  in  the  gas  line  unrelated  to 
the  processing  conditions  selected  or  the  nozzle  cap  design.  Run  5057 
was  made  with  the  same  cap  and  deposition  conditions  as  5056.  The 
profile,  X-radiograph  and  photograph  of  the  deposit  are  shown  as 
Figures  275  through  277,  and  indicate  that  the  cap  had  no  significant 
effect  on  the  deposit.  The  hole  in  this  cap  was  essentially  free  of 
deposit. 

Run  '4Q67  was  made  using  a  cap  as  shown  in  Figure  278.  In  this  case, 
additional  surface  for  heating  was  provided.  The  divergent  nature 
of  this  design  was  to  prevent  the  deposit  from  closing  the  gas  path. 

The  run  was  made  with  reduced  boron  trichloride  flow  to  further  insure 
minimum  difficulty  with  cap  closure. 

The  deposit  was  made  without  difficulty  and  post  run  examination 
indicated  that  cap  closure  was  not  a  problem  since  the  deposit  on  the 
inlet  side  was  only  a  few  mils  thick.  Tills  cap  was  not  effective  in 
improving  the  profile  or  de lamination  pattern  and  appeared  to  have 
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undesirably  reduced  the  deposition  rate  in  the  nose  region,  as  shown 
in  Figures  279  through  28l.  This  reduction  in  deposition  rate  may 
he  associated  with  a  difference  in  flow  patterns  as  a  result  of  the 
cap  design. 

The  unit  cell  height,  boron  analysis  and  de lamination  characterizations 
did  not  offer  any  additional  information  as  to  the  influence  of  pre¬ 
heating  caps. 

Subtask  3.3. 7-5 «  This  work  had  not  been  included  in  the  original 

planning  but  was  added  when  studies  outside  this  contract  indicated 
the  importance  of  mass  flow  rates  in  small-angle  noBe  cone  deposition. 

Small-angle  nose  cones  (with  half -angles  less  than  10  degrees)  are 
desirable  for  aerospace  hardware  use.  Many  of  the  problems  encountered 
in  10  degree  half -angle  cones  are  worse  in  the  smaller  angle  cones, 
particularly  if  they  also  have  small  nose  radii.  The  tendency  to  form 
voids  in  the  nose  tip  region  when  the  maximum  deposition  rate  is  not 
precisely  at  the  tip,  is  much  greater  in  the  smaller  angle  cones.  The 
narrow  channel  available  for  gas  flew  restricts  the  nozzle  size  and 
may  require  that  the  nozzle  he  positioned  farther  from  the  tip  than 
might  be  desired. 

For  this  subtask  cones  with  half  angles  of  10  degrees  and  6  degrees 
were  used,  both  with  nose  radii  of  l/4  inch.  All  deposits  were  made 
at  3750°F  and  at  a  pressure  of  2  mm  Hg.  Flews  were  selected  fresn 
the  values  7,  10,  15  and  20  cfh  and  nozzle  positions  were  7  or  9  inches 
from  the  cone  tips.  The  10  cfh  flow  was  not  used  for  10  degree  cones 
since  that  combination  was  already  used  in  other  sub-tasks. 

The  standard  13 /l6  inch  diameter  nozzle  was  used  for  10  degree  half- 
angle  cones,  with  an  orifice  0.069  inches  in  diameter.  For  the  6 
degree  half -angle  cones,  however,  the  nozzle  diameter  was  reduced  to 
l/2  inch  to  decrease  its  cross-sectional  area.  In  both  cases,  the 
cold  nozzle  surface  was  shielded  from  the  gases  by  the  use  cf  thin, 
full-length  graphite  sleeves.  Such  shields  reduce  the  tendency  to 
form  large,  abnormal  growths  on  the  nozzle  surfaces.  The  shields 
Increased  the  effective  diameters  of  the  nozzles  to  1-1/4  inches  and 
43/64  inches  respectively. 

The  nozzle  shields  did  not  function  perfectly  since  some  runs  were 
terminated  early  as  a  result  of  large,  abnormal  growths  on  the  shields 
themselves.  In  the  case  of  5066  (10°  cone,  20  cfh,  7"  nozzle  position) 
the  run  was  terminated  so  early  by  such  a  growth  that  a  second  attempt 
was  made.  In  the  second  try,  the  deposition  period  was  much  longer 
but  operating  records  indicate  that  there  was  same  difficulty  in  main¬ 
taining  the  20  cfh  gas  flow  just  8  hours  after  the  beginning  of  the 
run.  Post-deposition  examination  revealed  a  growth  on  the  top  of  the 
nozzle  which  had  choked  the  discharge  orifice. 

With  two  exceptions,  these  deposits  were  evaluated  using  the  same 
sampling  procedures  and  tests  as  in  the  other  subtasks.  Boron  analyses 
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A  review*  of  the  runs  in  this  subtask  combined  with  the  knowledge 
gained  in  Task  3*5*1  indicated  that  increasing  deposition  pressure 
above  shout  3*0  am  causes  an  increased  tendency  to  create  voids  in 
the  nose  region.  She  runs  in  this  sub  task  are  smrer&rized  in  Figure 
,273  where  deposition  rates  for  each  deposit  are  plotted  agains  position 
along  the  cone  axis.  In  the  ease  of  runs  1  and  2,  the  peak  rata  is 
not  evident  since  it  is  masked  by  the  closure  and  resulting  void.  Eons 
3  and  4,  however  {8  and  18  mm  respectively)  identify  the  problem  by 
showing  the  shift  frcm  the  nose  tip  region  of  the  maximum  deposition 
rate  as  pressure  is  increased.  To  prevent  voids,  the  maximum  deposition 
rate  mast  he  at  the  nose  tip. 

It  ms  also  worth  noting  that  the  C0  values  did  not  increase  with 
increasing  deposition  pressure.  In  all  cases,  the  material  appeared 
to  he  normal  in  appearance  and  in  measured  characteristics.  Ho  indica¬ 
tion  of  lower  density  and  anistropy  were  obtained. 

Although  subtask  3  was  originally  planned  as  a  6-run  evaluation,  the 
final  two  runs  were  cancelled,  since  increasing  difficulty  with  extrane¬ 
ous  growths  could  be  expected  with  further  increases  in  pressure.  neither 
was  it  expected  that  any  pressure  between  the  8  and  18  mm  would  produce 
a  better  deposit  than  those  two. 

Sub  task  3. 3. 7-4.  Work  in  this  subtask  consisted  of  three  runs,  as 

st^SHzedTinr^able  LVI,  The  objective  was  to  evaluate  the  effects 
of  gas  preheating  on  the  delsmination  pattern  and  profile.  The  gas 
preheat  was  accomplished  by  attaching  graphite  caps  to  the  injector 
nozzles  to  provide  a  heated  surface  in  contact  with  the  gas  prior  to 
its  contact  with  the  mandrel.  In  each  case,  the  cap  was  attached  by 
'using  SarmsTel  Allen  PEX  ceramic  cement. 

Bun  5056  was  made  using  deposition  conditions  which  were  normal  for 
nose  cones  of  this  radius  and  half -angle.  Figure  274  is  a  sketch  of 
tie  nozzle  cap  used  for  the  ran.  Bun  5056  was  terminated  shortly  after 
gas  was  turned  on  due  to  an  obstruction  in  the  gas  line  unrelated  to 
the  processing  conditions  selected  or  the  nozzle  cap  design.  Run  5057 
was  made  with  the  earns  cap  and  deposition  conditions  as  5056.  The 
profile,  X-radiograph  and  photograph  of  the  deposit  are  shown  aB 
Figures  275  through  277,  and  indicate  that  the  cap  had  no  significant 
effect  cm  the  deposit.  The  hole  in  this  cap  was  essentially  free  of 
deposit. 

Bun  4067  was  made  using  a  cap  as  Bhown  in  Figure  278.  In  this  case, 
additional  surface  for  heating  was  provided.  The  divergent  nature 
of  this  design  was  to  prevent  the  deposit  from  closing  the  gas  path. 

The  run  was  made  with  reduced  boron  trichloride  flow  to  further  insure 
minimum  difficulty  with  cap  closure. 

The  deposit  was  made  without  difficulty  and  post  run  examination 
Indicated  that  cap  closure  was  not  a  problem  since  the  deposit  on  the 
inlet  side  was  only  a  few  mils  thick.  This  cap  was  not  effective  in 
improving  the  profile  or  delsmination  pattern  and  appeared  to  have 


undesirably  reduced  tbe  deposition  rate  in  the  nose  region,  as  shown 
in  Figures  279  through  28l.  This  reduction  in  deposition  rate  may 
be  associated  with  a  difference  in  flow  patterns  as  a  result  of  the 
cap  design. 

She  unit  cell  height,  baron  analysis  and  delamination  nhararterizations 
did  not  offer  any  additions!  information  as  to  the  influence  of  pre¬ 
heating  caps. 

Subtask  3»3«7-5.  Shis  work  had  not  been  included  in  the  original 
planning  but  ms  added  when  studies  outside  this  contract  indicated 
the  importance  of  mass  flew  rates  in  small-angle  nose  cone  deposition. 

Snail-angle  nose  cones  {-with  half -angles  less  than  10  degrees)  are 
desirable  for  aerospace  hardware  use.  Many  of  the  problems  encountered 
in  10  degree  half -angle  cones  are  worse  in  the  smaller  angle  cones, 
particularly,  if  they  also  have  small  nose  radii.  Ihe  tendency  no  form 
voids  in  the  nose  tip  region  when  the  maximum  deposition  rate  is  not 
precisely  at  the  tip,  is  much  greater  in  the  smaller  angle  cones .  Ike 
narrow  channel  available  for  gas  flew  restricts  the  nozzle  size  and 
may  require  that  the  nozzle  he  positioned  farther  from  the  tip  than 
mi£ht  he  desired. 

For  this  subtask  cones  with  half  angles  of  10  degrees  and  6  degrees 
were  used,  both  with  nose  radii  of  l/k  inch.  All  deposits  were  made 
at  3750°^  and  at  a  pressure  of  2  mm  Hg.  Flows  were  selected  from 
the  values  7,  10,  15  and  20  cfh  and  nozzle  positions  were  7  or  9  inches 
from  the  cone  tips.  2he  10  cfh  flow  was  not  used  for  10  degree  cones 
since  that  combination  was  already  used  in  other  sub-tasks. 

She  standard  13  /l6  inch  diameter  nozzle  was  used  for  10  degree  half- 
angle  cones,  with  an  orifice  O.O69  inches  in  diameter.  For  the  6 
degree  half -angle  cones,  however,  the  nozzle  diameter  was  reduced  to 
l/2  inch  to  decrease  its  cross-sectional  area.  In  "both  cases,  the 
cold  nozzle  surface  was  shielded  from  the  gases  hy  the  use  of  thin, 
full-length  graphite  sleeves.  Such  shields  reduce  the  tendency  to 
form  large,  abnormal  growths  on  the  nozzle  surfc.ee s.  The  shields 
increased  the  effective  diameters  of  the  nozzles  to  1-1 A  inche3  and 
43/64  inches  respectively. 

The  nozzle  shields  did  not  function  perfectly  since  some  runs  were 
terminated  early  as  a  result  of  large,  abnormal  growths  on  the  shields 
themselves.  In  the  case  of  5066  (10°  cone,  20  cfh,  7"  nozzle  position) 
the  run  was  terminated  bo  early  by  such  a  growth  that  a  Escond  attempt 
was  made.  In  the  second  try,  the  deposition  period  was  much  longer 
hut  operating  records  indicate  that  there  was  some  difficulty  in  main¬ 
taining  the  20  cfh  gas  flow  just  8  hours  after  the  beginning  of  the 
run.  Post-deposition  examination  revealed  a  growth  on  the  top  of  the 
nozzle  which  had  choked  the  discharge  orifice. 

With  two  exceptions,  these  deposits  were  evaluated  using  the  same 
sampling  procedures  and  tests  as  in  the  other  subtasks.  Boron  analyses 
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of  runs  5071  and  6068  could  not  be  completed  prior  to  this  report. 

Figures  282  through  286  are  the  X-radlographs  and  287  through  291  the 
polished-section  photographs  of  the  five  10  degree  deposits  made.  The 
processing  conditions  and  results  of  these  runs  as  veil  as  the  6  degree 
runs  are  summarized  in  Table  LVH.  Figure  292  summarizes  the  deposition 
profile  of  these  deposits  and  also  includes  run  7028  from  Task  3.5*1* 
which  was  considered  representative  of  the  profile  of  a  deposit  at  a 
9-inch  nozzle  position  and  10  cfh  natural  gas  flow. 

The  polished  sections  indicated  that  the  characteristics  of  the 
delaminations  were  not  changed  except  as  they  were  influenced  by  profile. 
Figures  288  and  289  show  irregularities  in  the  nose  tip  regions  of  the 
9-inch  15  cfh,  and  9-inch  20  cfh  deposits.  It  is  difficult  to  determine 
reason  for  these  irregularities.  They  might  have  been  caused  by  soot 
but  very  normal  values  for  C0  were  reported  for  these  deposits.  It 
is  believed  the  trouble  was  associated  with  the  nozzle  position-flow 
combination,  and  not  with  any  extraneous  factors  such  as  accidental 
introduction  of  debris  through  the  gas  lines.  In  both  cases,  the 
relative  nozzle  position  decreased  as  the  nose  thickness  increased, 
and  then  the  irregularities  diminished  and  finally  disappeared.  There 
was  no  such  structure  problem  at  the  9-inch  position  with  lover  flows, 
such  as  3.0  cfh. 

The  photograph  of  run  5071,  (Figure  291)  indicated  an  anomaly  in  the 
nose  which  was  most  probably  caused  by  a  mandrel  flaw  or  debris  in 
the  gas  stream.  This  same  run,  as  mentioned  earlier,  was  terminated 
early  by  blockage  of  the  gas  flow.  The  profile  of  the  deposit  was 
not  considered  representative  of  the  nozzle  and  flow  conditions.  The 
irregularities  are,  instead,  indicative  of  the  processing  problems 
associated  with  the  conditions  and  geometry. 

The  results  of  variations  for  the  10  degree  half -angle  cone  are  best 
summarized  by  Figures  292  and  293.  These  summaries  of  deposition  rates, 
irrespective  of  material  quality  and  degree  of  processing  difficulty, 
indicate  the  trend  set  by  the  nozzle  and  flow  variations.  In  the  case 
of  the  9  inch  nozzle  position,  the  deposition  rate  in  the  nose  tip 
increased  as  the  flow  was  increased  with  no  significant  changes  in 
the  region  immediately  behind  the  nose,  or  in  the  skirt  region.  In 
contrast,  the  7-inch  nozzle  position  at  15  cfh  deposit  had  a  higher 
nose  deposition  rate  than  at  20  cfh.  From  experience,  the  nose  rate 
for  7-inch  10  cfh  would  be  estimated  at  20-25  mils  per  hour.  Con¬ 
sidering  run-to-run  variations,  it  is  difficult  to  say  whether  the 
rate  is  maximized  at  the  7-inch  15  cfh  condition,  or  if  it  is  relatively 
insensitive  over  a  flow  range  of  10  to  15  cfh.  The  decrease  to  18 
mils  per  hour  at  20  cfh  is  interpreted  as  indicating  that  increases 
in  flow  above  about  15  cfh  cause  decreases  in  nose  deposition  rates. 
These  observations  are  probably  a  resulo  of  many  factors,  including: 
s)  inability  of  the  system  to  heat  the  gas  at  higher  mass  flows  and 
thus  inability  to  produce  active  species  for  deposition  at  the  nose, 
b)  the  reduced  residence  time  between  nozzle  and  nose  at  the  high 
flows,  and  c)  the  increased  influence  of  the  nozzle  as  a  heat  sink 
at  the  closer  positions  , 
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In  the  case  of  the  9-inch  position,  it  appears  from  the  irregular 
structures  in  the  nose  region  at  15  cfh  (Figure  288)  and  20  cfh 
(Figure  289)  that  undesirable  deposition  species  were  present.  (this 
may  have  been  a  result  of  the  longer  residence  time,  allowing  gas  phase 
reactions  to  proceed  for  a  longer  time  before  the  gas  reached  the  mand¬ 
rel. 

Outside  of  the  nose  region,  most  of  the  deposits  were  nearly  identical. 
The  one  exception  was  run  5065  (the  7-inch  15cfh  deposit)  which  had  a 
measurably  higher  wall  deposition  rate.  This  increase  in  rate  did  not 
improve  the  delamination  pattern  because  the  minimum  to  maximum 
thickness  ratio  along  the  wall  was  still  about  two  to  one.  Most  of 
the  deposits  had  a  thin  spot  rate  of  about  5  mils  per  hour,  and  a  skirt 
rate  of  about  10,  In  run  5065,  the  rates  were  7  and  14. 

Fran  the  point  of  view  of  favorable  delamination  patterns,  the  7-inch 
nozzle  position,  20  cfh,  deposit  was  best.  The  rate  of  change  of 
deposition  rate  c caning  out  of  the  nose  region  was  minimized  and  the 
delaminations  approached  the  exterior  surface  at  the  lowest  angle. 
However,  this  set  of  processing  conditions  was  difficult  to  use  and 
full  terra  deposits  were  not  obtained.  There  might  be  assembly  design 
variations  which  could  correct  this.  If  such  changes  were  made,  then 
these  conditions  would  be  the  most  favorable.  On  the  other  hand,  with 
this  deposition  assembly  the  7-inch  15  cfh,  and  9-inch  10  cfh  combi¬ 
nations  were  the  best  compromises. 

Table  LVH  summarizes  the  operating  conditions  and  results  for  the  6 
degree  half-angle  cones.  Figures  294  through  314  are  deposition 
profiles,  X-radiographs  and  photographs  for  the  seven  deposits.  As 
indicated  in  the  table  and  by  reference  to  the  above  figures,  all  of 
the  deposits  had  deposition  profiles  which  caused  voids,  or  would  have 
caused  voids  if  the  runs  had  been  continued.  It  is  difficult  to  discuss 
deposition  rates  in  a  nose  where  a  void  was  formed,  since  the  time 
at  which  closure  occurred  and  the  conditions  preceding  it  are  not  known 
accurately.  No  figure  equivalent  to  Figure  292  could  be  prepared.  In 
this  case,  the  results  were  evaluated  subjectively  by  comparing  the 
size  and  location  of  the  void.  Figure  315  shows  a  sketch  of  the  deposits 
arranged  with  respect  to  flow  and  nozzle  position.  The  length  and 
shape  of  the  voids  are  determined  by  the  position  of  the  deposition 
peak  that  caused  the  void,  the  deposition  rate  at  this  point  and  depo¬ 
sit  ion  rate  profile  forward  of  the  closure  point.  A  closure  such  as 
for  4076  indicates  a  maximum  rate  quite  a  distance  from  the  nose  with 
a  relatively  high  rate  of  change  in  deposition  rate  from  this  point 
forward.  If  this  void  were  narrow,  it  would  indicate  a  relatively 
small  difference  in  rate  between  the  peak  and  points  forward.  If  the 
void  were  shorter,  such  as  is  the  case  for  4075,  it  would  indicate 
than  the  peak  rate  causing  closure  was  farther  forward. 

Both  the  7-and  9-inch  positions  were  less  desirable  as  the  flow  was  in¬ 
creased  frcsn  15  to  20  cfh.  For  the  9-inch  position,  the  15  cfh  flow 
was  most  favorable.  The  7-inch  position  was  also  most  favorable  at 
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15  eft,  although  there  was  little  difference  between  the  15,  10  and 
7  cfh.  Of  the  two  nozzle  positions,  7  inches  is  favored  because  it 
gave  close  to  the  desired  results  over  a  broader  flow  range. 

•The  results  all  confirm  that  this  narrow  cone  is  more  sensitive  to 
the  location  of  maximum  deposition  rate  and,  in  addition,  responds  to 
flow  and  nozzle  position  changes  differently  than  the  10  degree  cease. 

A  deposit  made  using  a  6-inch  position  with  from  10-15  cfh  gas  flow 
might  give  the  best  results,  considering  the  results  of  the  previous 
runs.  When  considering  a  nozzle  position  as  close  as  6  inches,  how¬ 
ever,  it  must  be  recognized  that  the  clearance  between  the  nozzle  and 
cone  wall  is  very  small  (5/8  inches  if  a  l/2  inch  unshielded  nozzle 
is  used?  and  only  l/2  for  a  nozzle  with  a  43/64  inch  graphite  shield). 
She  heat  sink  effect  of  the  nozzle  would  also  be  very  pronounced  and 
might  lead  to  cooling  of  the  mandrel  near  the  nozzle. 

Another  useful  variation  might  be  a  process  using  a  10-inch  position 
with  a  flow  of  15  cfh,  if  the  profile  improved  as  it  did  by  changing 
from  7  inch  to  9  Inch  at  15  cfh. 

Subtask  3. 3. 7-6.  At  this  point  in  time,  three  additional  deposits 
were'  made.  One"  'run.  (6067)  was  made  to  improve  the  results  of  Task 

3. 3.7- 2  and  two  (7082  and  507*0  were  made  to  extend  the  flow  and 
nozzle  position  combinations  of  the  6  degree  cone  geometry  from  Task 

3.3.7- 5« 

Run  6067  was  made  at  deposition  conditions  similar  to  run  6055,  The 
conditions  for  6055  are  shown  in  Table  LTV,  and  for  6067  in  Table 
LVUI.  In  the  latter  run,  the  flow  used  for  the  initial  deposition 
period  was  reduced  from  4  to  3  cfh  to  produce  a  more  uniform  initial 
deposit  than  in  6055.  The  conditions  for  the  normal  deposition  period 
were  similar  to  6055,  except  that  the  deposition  time  was  extended  to 
produce  a  1  inch  thick  nose  and  approximately  200  mil  thick  wall.  The 
results  of  the  run  are  shown  as  the  profile  (Figure  3l6);  the  X-radio- 
graph  (Figure  317),  and  the  photograph  (Figure  318) . 

This  photograph  is  not  representative  of  the  complete  deposit  since 
a  thin  shell  of  pyrolytic  graphite  cracked  said  separated  from  the 
deposit  prior  to  the.  mounting  and  polishing.  The  X-radicgraph  made 
before  the  shell  separated  shows  that  the  desired  uniform  coat  mo 
achieved  but  ms  thin  (approximately  10  to  15  mils  thick) .  The  photo¬ 
graph  shows  that  the  balance  of  the  deposit  had  the  conventional 
delamination  pattern  expected  for  the  processing  conditions  used. 

The  other  two  runs  of  this  subtask  are  also  summarized  in  Table  LVIII. 
The  concluding  remarks  of  Subtask  3. 3. 7-5  suggested  several  processing 
combinations  improving  the  deposition  profile  of  the  6  degree  half¬ 
angle  cone. 
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The  6-inch  nozzle  position  vaa  not  selected  for  study  because  of  the 
limitations  of  clearance  and  cooling  effect  discussed  earlier.  Run 
7082  was  made  at  the  recommended  10-inch  position  and  15  cfh  gas 
flow.  All  other  processing  variables  and  design  factors  were  the  Sana 
as  for  the  6  degree  cones  in  3.3»7~5»  The  results  of  this  run  are 
illustrated  by  Figures  319,  320  and  321*  This  nozzle  position  turned 
out  to  be  very  undesirable  with  a  very  low  depositon  rate  in  the  nose 
region  and  a  deposition  peak  4  Inches  back  from  the  nose*  which  would 
have  caused  a  void  if  the  run  had  been  continued. 

The  last  run  of  this  series  (507*0  was  a  repeat  of  the  9  Inch  15  cfh 
deposit  (4072)  made  in  3*3. 7-5.  Run  4072  had  the  smallest  void  of  any 
deposition  in  that  series.  The  repeat  of  that  run  ms  Bade  to  deter¬ 
mine  if  a  void-free  nose  could  be  deposited  with  those  conditions.  The 
resuxts  of  run  5074  (Figures  322  through  324)  show  that  the  first  run 
ms  the  better. 

These  runs  have  pointed  up  the  extreme  difficulty,  particularly  for 
narrow  half -angles,  in  depositing  nose  cones  with  improved  profiles 
and  delamination  patterns. 

SUMMARY 

The  work  in  this  task  represented  a  large  number  of  experimental 
variations  whose  purpose  ms  to  modify  delamination  patterns  in  nose 
cones.  Two  types  of  studies  were  carried  outs  a)  the  use  of  favorable 
combinations  of  known  processes,  and  b)  development  of  new  processes  or 
techniques. 

For  nose  cones  with  10  degree  half  angles  and  l/4  inch  radii, 
the  results  can  be  summarized  as  follows: 

1)  In-process  nozzle  movements  between  ‘6-and  10-inch  positions 
at  10  cfh  flow  did  not  improve  the  delamination  pattern, 

2)  The  delamination  pattern  ms  favorably  altered  when  nozzle 
positions  were  varied  in  combination  with  gas  flows.  Long 
initial  nozzle  to  nose  tip  distances  in  combination  with  low 
flows,  provided  a  uniform  coat,  displacing  the  first  delamin¬ 
ation  inward  and  forming  it  parallel  to  the  outside  of  the 
deposit, 

3)  Higher  pressures  had  a  deleterious  effect  on  the  profile. 
Increasing  pressure  gave  decreased  nose  tip  deposition  rates 
and  increased  wall  rates. 

4)  Graphite  caps,  intended  to  preheat  the  gas  and  allow  higher 
deposition  rates  at  the  nose  tip,  had  little  or  no  effect. 

In  addition  to  these  results,  others  were  obtained  on  the  effects 
of  flow  rate  variations  in  the  same  cone  shape  and  in  a  6  degree  half  angle, 
l/4  inch  radius  type. 
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For  -fete  10  degree  cone,  correlation  between  flows  and  thickness 
profile  characteristics  were  obtained  over  a  relatively  wide  flow  range. 

For,  the  6  degree  cone,  no  such  correlations  were  possible  because  every 

con?  had  a  void  in  the  nose  tip  region.  The  size  and  shape  of  the  void 

changed,  as.  deposition  conditions  were  varied  and  indicated  that  an  even 

closer  nozzle  position  (6  inches  from  the  nose  tip)  with  flows  of  7  to 

20  cfh  might  lead  to  success.  Smaller  half -angle  cones,  whether  they  be  . 

of  large  or  small  nose  radius,  are  more  difficult  to  deposit  and  the 

allowable  range  of  process  conditions  is  much  smaller  than  for  10  degree 

cones, 

ESCCM-EimfiTIOIS 

BaccEEBsndations  can  be  made  in  three  categories:  Process 
conditions  which  are  not  recommended  for  use  or  further  study,  process 
conditions  which  are  recommended  for  further  study,  and  process  conditions 
which  are  recommended  for  use. 

Process  conditions  which  are  not  recommended  for  use  are: 

1)  Deposition  pressures  greater  than  3  nm.  (This  upper  limit 
might  be  altered  by  setup  design  and  equipment  design  how¬ 
ever.) 

wt 

2)  Gas  preheating  by  use  of  graphite  nozzle  caps. 

3)  Nozzle  positions  of  7  through  10  inches  with  flows  of  7 
through  20  cfh  for  deposition  of  6  degree  half -angle,  lA  - 
inch  radius  cones.  These  do  not  yield  a  satisfactory  pro¬ 
file.  However,  this  may  be  influenced  by  the  design  of  the 
gas  injector.  This  study  used  a  l/2  inch  o.d.  nozzle  with 
a  0.069  Inch  diameter  orifice. 

Those  process  conditions  which  warrant  further  study  or  have 
application  as  an  improvement  in  areas  other  than  delamination  patterns, 
are: 

1)  Use  of  nozzle  positions  of  6  inch  (and  closer  if  possible) 
for  deposition  of  6  degree  half -angle  cones.  A  satisfactory 
profile  might  be  obtained  at  this  nozzle  position.  Because 
of  the  narrow  angle,  the  nose  radius  of  this  cone-  type  Id 

an  important  variable  and  should  be  included  in  any  experi¬ 
ments.  As  the  half  angle  increases,  the  influence  of  nose 
radius  decreases  bo  that  for  9  degree  and  10  degree  cones, 
the  radius  is  not  so  important  a  variable. 

2)  Nozzle  posltion/gas  flow  combinations  selected  from  the 
results  in  Figures  292  and  293.  These  provide  a  good 
reference  for  selecting  combinations  which  best  meet  the 
profile  requirements  of  a  given  nose  cone  to  be  deposited. 

• 

3)  Gas  preheating.  Although  not  effective  as  done  here  with 
the  graphite  caps,  this  technique  should  not  be  ruled  out 

as  a  method  for  controlling  profile  and  material  properties.  <■ 
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Those  process  conditions  which  are  recommended  for  use  are: 
l)  Nose  cone  deposition  in  a  two-step  technique,  "beginning 
deposition  with  a  set  of  processing  conditions  which  yield 
a  relatively  unifora  deposit  thickness  and  then  switching 
to  deposition  conditions  which  give  the  desired  preferential 
deposition  rate  in  the  nose  region.  Such  a  uniform  initial 
deposit  favorably  alters  the  de lamination  pattern  "by  dis¬ 
placing  inward  the  first  de lamination  a  uniform  and  planned 
distance  from  the  exterior  surface.  The  processing  con¬ 
ditions  recommended  for  such  an  initial  coating  in  1/4  inch, 
10  degree  half -angle  cones,  are; 


Temperature 
Pressure 
Gas  Plow 

BCI3  Plow 
Hg  Plow 

Nozzle  Position 
Deposition  Kate 


3750°P 
2  mm  Eg 

4  efh  Methane  or 
Natural  Gas 
0.1-1^  of  Methane 
10  efh 
12  inches 
-  3  mils/hour 


2)  The  use  of  a  flow  of  10-15  efh  with  a  nozzle  position  of 
7  inches  for  deposition  of  10  degree  half -angle  cones  which 
gives  the  best  de lamination  pattern.  It  is  suggested,  how¬ 
ever,  that  after  sufficient  material  has  been  deposited  to 
establish  the  delamination  pattern  that  the  nozzle  might 
be  withdrawn  one  inch  to  increase  the  deposition  rate  in 
the  nose  region. 


B.  PROCESS  OPTIMIZATION  FOR  NOSE  CONES  (TASK  3.5.< 


According  to  the  Work  Statement,  "The  results  of  all  prior  tasks 
will  be  combined  and  deposition  will  be  made  to  optimize  the  process. 
A  process  specification  will  be  written  incorporating  the  optimum 
deposition  parameters," 

BACKGROUND 

The  results  from  the  previous  task  in  this  Advanced  Studies  Section 
and  also  from  the  Special  Studies  Section  were  expected  to  modify 
the  process  specifications  for  the  production  of  nose  cones  and  other 
aerospace  hardware.  It  was  anticipated  that  these  modifications 
would  be  cabined  and/or  optimized  in  Task  3.5,2,  The  results 
of  the  Advanced  and  Special  Studies,  however,  did  not  indicate  that 
drastic  changes  were  required  and  so  the  selection  of  an  optimum 
process  for  a  10  degree  half -angle  cone  was  not  as  difficult  as  it 
might  have  been.  The  process  conditions  used  for  the  cones  in  Task 
3.5*1  were  actually  close  to  those  which  would  now  be  selected  after 
the  additional  experience. 


She  case  of  the  6  degree  cone  is  seme what  different.  Shis  was  a 
new  configuration,  added  to  the  program  as  a  result  of  its  desira¬ 
bility  as  aerospace  hardware.  A  wide  variety  of  flow  and  nozzle 
positions  were  investigated  in  Task  3.3.7  for  this  cone  with  negative 
•results.  The  work  did,  however,  indicate  the  direction  that  further 
study  should  take. 

To  best  satisfy  the  objectives  of  this  task  and  of  the  overall  program, 
the  work  was  divided  into  two  phases.  The  first  phase  ms  to  demon¬ 
strate  the  improved  state-of-the-art  by  making  and  characterizing  a 
limited  number  of  the  l/4-inch  radius,  10  degree  half -angle  cones, 
using  the  best  design  and  process  parameters.  The  second  phase  ms 
to  extend  the  6  degree  half -angle  work  from  Task  3.3.7  to  successfully 
deposit  cones  of  this  geometry  and,  if  possible,  to  recommend  an 
acceptable -process  for  such  a  configuration. 

SXESBIME3CTAL  C0ZMTI033S  SELECTED 

For  the  l/4"  radius,  10  degree  half -angle  cone,  a  process  specifica¬ 
tion  ms  written  incorporating  all  desirable  processing  conditions 
developed  in  this  contract,  as  well  as  applicable  experience  from 
earlier  work.  This  process  specification  is  included  as  Appendix  II. 
The  specification  includes  all  of  the  pertinent  process  and  design 
details  required  for  producing  these  cones  at  another  facility.  Three 
runs  were  planned  for  Phase  1,  using  this  process  specification  as 
a  guide.  It  was  necessary,  because  of  equipment  difficulties  which 
could  not  be  repaired  in  time  to  complete  the  runs  on  schedule,  to 
eliminate  that  portion  of  the  process  which  required  a  12-inch  nozzle 
position.  This  was  done  with  seme  reluctance  since  this  position, 
and  the  portion  of  the  process  eliminated  by  the  lack  of  it,  does 
affect  the  da  lamination  pattern  of  the  deposit.  The  results  of  each 
run,  therefore,  would  ideally  he  modified  by  a  35  to  40  mil  uniform 
coating  at  the  outer  surface. 

Six  runs  were  planned  in  Phase  2  to  develop  a  process  specification 
for  l/4-inch  radius,  6  degree  cones.  The  experimental  conditions 
selected  for  the  initial  run  of  the  planned  six  was  consistent  with 
the  recommendations  of  3.3.7.  In  the  3.3.7  experiments,  a  graphite 
nozzle  shield  was  used,  A  full  nozzle  shield  was  not  used  in  the 
experiments  here  for  fear  that  the  coating  on  a  full-length  shield 
and  the  wall  deposit  would  interfere  and  cause  premature  termination 
of  the 'run.  The  processing  conditions  for  the  five  subsequent  runs 
were  each  selected  on  the  basis  of  results  of  the  previous  runs. 

Time  did  not  permit  a  detailed  evaluation  of  each  deposit  at,  for 
earlier  tasks.  These  deposits  were, for  the  most  part,  judged  on 
their  appearance,  thickness  profile, and  the  delamination  pattern 
shown  in  the  X-radiograph, 
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Table  L3X  summarizes  the  processing  conditions  and  results  for 
both  the  6  degree  and  10  degree  runs  of  this  task.  In  the  case  of  the 
10  degree  cones,  the  table  indicates  that  b  deposits  were  made  instead  of 
the  three  planned.  Run  507T  is  not  a  representative  run  of  the  process 
specification  for  this  part.  An  undetected  failure  in  a  furnace  support 
part  prior  to  (or  during)  deposition  caused  the  deposition  assembly  to  tilt. 
The  other  three  10  degree  runs  were  deposited  according  to  the  specifica¬ 
tion  included  as  Appendix  EC,  as  modified  by  the  exclusion  of  the  initial 
12-inch  nozzle  position.  A  photograph  of  these  deposits  is  shown  as 
Figure  325.  The  profiles  and  X-radicgrapha  are  shown  as  Figures  326 
through  331,  The  X-radiographs  of  the  three  deposits  indicate  that  the 
cones  are  similar  and  the  delamination  patterns  are  the  best  that  can 
be  expected  without  the  initial  uniform  coating.  The  nose  deposition 
rate-to-  minimum  wall  deposition  rate  ratio  is  approximately  6  to  1  for 
all  three  deposits.  The  process  specification  indicates  that  the  desired 
ratio  is  5  to  1.  Assuming  that  it  would  have  been  possible  to  carry  out 
the  12-inch  nozzle  position  portion  of  the  process,  the  wall  thickness  of 
each  cone  would  have  been  increased  by  1*0  mils  and  the  nose-to-mll  ratio 
would  have  been  approximately  the  desired  5  to  1.  Perhaps  more  Important, 
the  first  delamination  would  have  been  displaced  at  least  bo  mils  from 
the  outside  surface. 

Appendix  H  thus  is  a  usable  process  specification  whit*  will 
produce  a  nose  cone  with  good  exterior  surface  finish,  the  desired  nose- 
to-wall  thickness  ratio  (5  to  l)  and  will  give  a  delamination  pattern  in 
which  the  first  delamination  will  be  approximately  bo  mils  from  the  exterior 
suface. 

The  nose-to-wall  deposition  rate  ratio  remained  relatively  con¬ 
stant  from  one  deposit  to  the  next,  although  the  absolute  values  of  the 
thicknessess  did  vary.  The  lowest  nose  rate  was  19  mils  per  hour,  and  the 
highest  was  25  mils  per  hour.  Since  none  of  these  runs  had  any  unusual 
growths  or  exhaust-port  closures,  the  reason  for  this  variability  is  not 
understood.  The  premature  termination  of  run  b083  ms  due  to  an  obsruction 
in  a  gas-feed  line  and  not  associated  with  any  factors  of  the  process 
specification. 

The  Phase  2  study  was  started  with  a  deposit  using  the  recommended 
6-inch  nozzle  position  and  a  flow  of  10  cfh.  Figure  332  is  the  X-radio- 
graph  of  this  deposit  and  indicates  that  there  was  a  small  void  in  the  nose 
region.  The  next  run  was  made  with  a  flow  of  13  cfh.  Tills  run  terminated 
after  31  hours  due  to  closure  of  the  exhaust  ports  in  the  mandrel  support. 
Figure  333  is  the  X-radiograph  of  this  deposit  and  indicates  that  a  void- 
free  nose  was  produced.  The  X-radiograph  showed  that  a  large  nozzle  growth 
ms  present  and  could  have  been  an  important  factor  in  modifying  the 
deposition  profile.  It  ms  considered  most  important  to  determine  the 
controlling  factor  in  obtaining  this  desired  profile. 

The  next  run  was  planned  for  a  deposition  period  shorter  than 
the  first,  hoping  to  deposit  as  long  as  possible  hut  purposely  terminating 
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the  deposition  cycle  before  exhaust  port  closure.  Nevertheless,  closure 
and  large  growths  were  again  encountered.  This  was  also  the  experience 
in  the  following  run.  The  X-radicgraphs  of  these  deposits  are  shown  as 
Figures  33^  and  335  and,  as  in  the  case  of  run4o84,  the  profile  was 
as  desired.  Run  4085,  the  fifth  run  of  this  series  (the  fourth  at  13  cfh) 
was  planned  for  only  a  25-hour  deposition  cycle  and  was  completed  as 
scheduled.  The  results  of  this  run  are  significant.  Figure  336  is  the 
X-radiograph  of  this  deposit  and  Indicates  that  the  desired  void-free 
nose  was  obtained.  This  deposit  was  generally  thin  compared  to  the  others, 
indicating  that  the  variation  in  nose  and  wall  thicknesses  for  runs  4084, 

66fl  and  5078  were  due  to:  a)  the  difference  in  deposition  times,  b)  the 
shape  of  the  growths  that  were  formed,  and  c)  the  time  at  which  such 
growths  became  an  influencing  factor.  The  nose  and  mil  thickness  of  this 
last  experimental  deposit  (4085)  and  the  other  deposits  without  voids  were 
not  thick  enough  to  meet  anticipated  user  specifications.  The  required 
thicknesses  would  most  likely  be  a  1.5  to  2-inch  thick  nose,  with  a  wall 
thickness  of  about  200  mils.  With  only  one  planned  run  left  in  the  program, 
the  simplest  technique  for  increasing  the  nose  and  wall  thickness  was 
tried.  The  exhaust  holes  of  the  standard  setup  for  this  shape  were  increased 
from  three  5/8-inch  diameter  holes  to  three  7/8-inch  diameter  holes,  an 
increase  of  $6  percent  in  exhaust  area. 

Although  scheduled  for  50  hours,  this  run  terminated  after  46 
hours,  due  to  exhaust-port  closure.  No  large  nozzle  growth  was  formed  in 
this  run  although  tba  cone  was  filled  with  a  low  density  soot  due  to  the 
closure.  The  results  here,  as  shown  in  Figure  337>  indicate  the  deposition 
rate  in  the  nose  region  was  decreased  by  the  larger  exhaust-port  size. 

The  deposition  rate  on  the  side  walls  was  somewhat  lower  but  the  longer 
deposition  time  more  than  made  up  for  this,  so  that  increased  wall  thickness 
was  obtained.  Although  the  deposition  rates  in  the  nose  were  reduced,  the 
void-free  characteristics  of  this  cone  make  it  similar  to  the  previous 
runs. 


This  observation  suggests  that  increased  thickness  might  be 
.obtained  by  using  a  larger  exhaust  port,  such  as  in  run  5079>  but  main¬ 
taining  the  nozzle  position  at  6  inches,  just  long  enough  to  change 
the  shape  to  one  which  can  be  deposited  from  a  7-  or  8-inch  nozzle 
position.  At  these  positions,  the  nose  and  wall  deposition  rates  might 
be  improved  and  the  increased  carbon  stripping  efficiency  would  de¬ 
crease  the  rate  of  exhaust  closure,  permitting  a  deposition  period  of 
sufficient  length  to  develop  the  desired  thicknesses. 
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The  recommended  process  for  a  lA  inch,  10  degree  half -angle 
cone  is  shown  as  Appendix  II.  Experience  indicates  that  this  basic 
specification,  with  only  minor  changes,  is  applicable  to  cones  with  half 
angles  of  8-1/2  degrees  to  11  degrees  and  radii  of  0.20  to  O.M)  inches. 

A  process  for  the  narrower  angle  cones,  typified  in  these 
studies  by  a  lA-ineh  radius,  6  degree  half -angle  cone,  was  not  developed 
well  enough  that  a  final  process  specification  could  be  prepared.  The 
last  deposits  of  this  task  did,  however,  indicate  conditions  which  might 
allow  such  a  cone  to  be  deposited  with  a  nose  thickness  of  1.5  to  2 
inches  and  a  minimum  wall  of  200  mils.  These  conditions  are: 


Temperature 
Pressure 
Gas  Plow 
BCI3  Plow 

Nozzle  Size 

Nozzle  Shield 
Nozzle  Position 

Exhaust  path 
Deposition  time 


3750°F 
2  mm  Eg. 

13  cfh  methane  or  natural  gas 

Graded  uniformly  from  1$  to  0.1$ 
over  length  of  deposition  period. 

l/2  inch  o.d. -O.O69  inch  diameter 
orifice. 

None. 

6  inches  for  first  2  hours 
8  inches  for  balance  of  run 

Three  5/8-inch  holes. 

50  hours. 


If  successful,  this  process  could  be  further  enhanced  by 
adding  an  initial  deposition  period  with  conditions  set  for  a  uniform 
coating.  The  initial  period  recommended  for  the  10  degree  cone  would 
probably  be  satisfactory  for  this  configuration. 


XI.  AMZLIAKY  TASKS 


A  number  of  tasks  were  related  to  the  primary  tasks  in  a 
support  role  and  these  have  not  "been  discussed  separately.  "Thus,  Task 
3«1  covered  ‘the  preparation  of  a  program  plan  and  Task  3. 1.1  itB 
acceptance  by  TSAF-MATC, 

Task  3. 4. 1.4  covered  the  evaluation  of  materials  produced  in 
Tasks  3*4.1.1  through  3»4.1.3«  Task  3*4.2.2  covered  the  evaluation  of 
materials  produced  in  Task  3*4. 2.1. 

Task  3*4,4  covered  the  development  of  analytical  techniques  for 
predicting  residual  stress  patterns.  Appendix  IV  of  this  report  shews 
the  work  done  by  Dr.  T.  McDonough  of  General  Electric  Company,  Re-Entry 
Systems  Department,  in  this  task  for  application  to  the  separators  de¬ 
veloped  in  Tasks  3*3*1  and  3.3,2. 

Task  3*4.5,  on  the  development  of  nondestructive  test  techniques, 
was  de-empkasized  when  the  revised  Work  Statement  eliminated  the  de¬ 
posits  intended  in  tie  scale-up  work  for  the  original  version  of  Task 
3*5*2.  Such  technique  development  will  be  carried  out  on  a  continuing 
basis  by  General  Electric  Re-Entry  Systems  Department,  however,  and  any 
of  the  GE-RSD  Subcontract  Engineers  listed  in  the  Foreword  of  this 
report  may  be  contacted  for  discussion  in  this  area. 
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TABLE  IV 

mum  FACTORS*  FOB  GRAPHITE  GRADE  EVALUATIOKB 
GrapMte  %  Kgf  K^g  Ratiflg  Factor 

"A"  1  2 

■  ”0”  1  2 

"B”  2  1.5 

nE”  2  1 

*  See  text  fas  ejrpl&a&tlos  of  ts«ss  and  values. 
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mzE  v 


processing  cmimmizmiou  im  cnimmm  xasposrrs 


Nominal 

Run 


Nominal 


Nominal 

Furnace 

Pressure 


Gas  Flow  Rates 


Run  No.  Variable 

CO 

(hre) 

Ctorr) 

CHa 

No  or  A 

Eh 

1 

3/8%  B  TM3 

2000 

1 

20 

7.5 

MXMMIMKNRSMN 

•  MO 

mmm 

2 

IS  mils/hr  PG 

1900 

10 

20 

8.0 

2 

***** 

3A 

10  mila/hr  PG 

1900 

5 

10 

12,0 

2 

48 

3/4%  T MB 

2000 

6 

19 

12.0 

mm» 

mmm 

SA 

5  mils/hr  PG 

1900 

18 

10 

7.0 

1 

****** 

6A 

x-i/2%  b  m 

2000 

e 

10 

11.0 

mmm 

mmm 

7A 

3%  8  TKB 

2080 

9 

10 

10.0 

*>»* 

BA 

3/4%  B  BS13 

2000 

11 

10 

12.8 

2 

6.815 

9A 

1S-5  eils/hr  PG 

1900 

9 

10 

18  to  8 

2  to  12 

****** 

iOA 

1-1/2%  g  BS!3 

2000 

8 

10 

18. Q 

2 

0.845 

m 

3/8%  3  EC13 

2000 

6-1/2 

10 

18.0 

2 

0.02 

12A 

Repeat  GBDC-2 

2000 

6 

10 

20.0 

mmm 

«**»• 

13A 

Repeat  GSBC-16A 

2000 

4-1/2 

10 

18.0 

2 

0.3 

14B 

Repeat  GSDC-l 

2000 

5 

10 

13.5 

mmm 

****** 

ISA 

Repeat  GEDC-2 

2000 

5-1/2 

20 

16.0 

mm m 

16A 

Graded  boron  BCI3 
0.1  to  3/4% 

2000 

5 

10 

18 

2 

0.013 
to  0.23 

17A 

Graded  boron  BCl* 
0.1  to  3/4% 

2000 

4 

10 

18 

2 

0.013 
to  0*23 

18A 

Graded  boron  TMB 
1-1/2  to  3/4% 

2000 

4-1/3 

10 

9  to  13 

mmm 

19A 

Process  Run  No.  1 
0.3%  B  THB 

2000 

5 

20 

7 

1.6 

mom 

20A 

Graded  boron  ECI3 
0.1  to  3/4% 

2000 

5 

20 

9 

mmm 

0.004 
to  0.026 

21A 

Graded  boron  TUB 
0.1  to  3/4% 

2000 

6 

20 

7 

•  00 

•takes 

22A 

Process  Run  No.  2 
15-5  mils/hr  PG 

2000 

10 

20 

9  to  4.5 

Oto  4.5 

*•* 

<a)  3Uthrfllhn^2HdePOJj£f  °?  °*ldJ“d  »»®dMl«  “sing  ®  through- flow  system.  Pubes 
3  through  12  deposited  using  a  3-1/4  in.  diameter  baffle  and  6  in.  i.d.  ©reheat 
chamber.  Tubes  13  through  18  deposited  using  a  2  in,  diameter  baffle  and  4  in. 
i.d.  preheat  chamber.  Tubes  19  through  22  deposited  using  a  through-flow  system, 
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Cylinder  Wall 


Deposit ion  Rate 
(mils/hr) 

M2*  M4»  *£S 


l 

1,5 

2.4 

X32&9 

1X8^3 

127*7 

18.9 

17.0 

18.0 

z 

*>****- 

111*17 

102*17 

111*17 

11.1 

10,2 

10.? 

M 

i mmm 

47*2 

35,5*1.5 

40.5*1,5 

9,4 

7.1 

m 

2i0 

1,1 

mi 

87. $*1*5 

92.5*1,3 

16.5 

14,6 

15.5 

man* 

mmm 

1{%4 

79*1 

9m 

5,8 

4.4 

5.0 

6A 

3,0 

1.85 

95*1 

am 

84*2 

15.4 

13.5 

14.5 

IK 

4 10 

2.0 

1X2*4 

109*1 

109*1 

12.5 

12,1 

12.2 

U 

nee 

»•« 

n» 

98.5*0.5 

101*1 

10,3 

9,0 

9.5 

9A 

tut* 

mc*m 

im 

60.$*p.5 

66*0,5 

8,3 

6.7 

7.4 

104 

*9  mm 

mmm 

ism 

110*4 

123*4 

16,7 

13,7 

15.1 

11A 

mmm 

mmm 

84,5*1.5 

69*0 

76*1 

13.1 

10.7 

11.9 

m 

mm  m 

mmm 

70±3 

53*1 

60*2 

11.7 

8.9 

10.2 

13A 

'mmm 

mmm 

159*8 

125*3 

139*4 

35.5 

27.8 

31.1 

m 

0*5 

0.126 

99. $*1.5 

78.5*1.5 

87.5*1,3 

19.9 

15.7 

17.5 

ISA 

— 

95.5±2.5 

75.5*0.5 

81.5*1.5 

17.5 

13.7 

15.0 

16A 

mmm 

mmm 

139*13 

103+1 

115*6 

27.9 

20.8 

24.0 

17A 

mmm 

mmm 

110*7 

80*1 

94*4 

27.5 

20.0 

23.0 

18/. 

5  tc  1 

1.55 

81*3 

71.5*1.5 

80*2 

18.7 

16.5 

18.1 

19A 

0.4 

0.26 

69±2 

67*2 

68.5*2.5 

13.8 

13.4 

13.7 

20A 

— 

mmm 

85*1 

79±1 

84*2 

17.0 

15.8 

16.6 

21A 

0.2  to  1*1 

0.32 

105*5 

96±5 

101*4 

17.5 

16.0 

16.9 

22A 

-»• 

mmm 

105*5 

95±6 

101*4 

10.5 

9.5 

10.1 

(b)  Maximum  and  minimum  measured  over  center  7  in.  section  of  tube 
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(EASES  VI 


33EKSIK  AED  BOKON  MALY6IS  POE  CYLIE1DSES 


GBDC 

Run  Ko. 

Density 

(g/ce) 

Top 

Base 

Boron 

2££ 

Analysis^ 

(%) 

Center 

Base 

1 

2.22 

2,20 

1.2 

0.9 

1.6 

2 

2.17 

2,17 

3A 

1.98 

4B 

2.22 

2.23 

1,3 

1,0 

1 .0(1,0) 

5A 

1.94(1.94) 

1.99 

6A 

2.23 

2.22 

0.9 

0.7 

1,2(1. X) 

7A 

2.22 

2,23 

1.9 

1.3 

1.0 

8A 

2.20 

mmm 

0,14 

0,13 

0.14 

$A 

2.14 

10A 

2.20 

mmm 

0.22 

0.25 

0.19 

11A 

2.20 

0.12 

0.11 

0.10 

12A 

2.01(1.98) 

MMM 

13A 

2.23 

mmm 

0.9 

1.0 

14B 

2.20 

mmm 

0.1 

0.1 

0.1 

ISA 

2,19 

uoa 

16A 

2.21 

°-02/0.9 

0.01 

°,02/1.3< 

17A 

2.22 

MMM 

°-5/l.3 

J*MC 

°-3/1.5 

ISA 

2.23 

MM* 

1*5 4»  . 

/0*6 

MMM 

19A 

2.20 

— 

0.2 

0.2 

0.2 

20A 

2.21 

0,2/0.4 

— 

o 

• 

H 

o 

» 

21A 

2.23 

MMM 

0,Zll.2 

°*2/1.4 

°*2/l.2 

22k 

2.19 

•VMM 

(a)  Boron  results  for  graded  deposits  reported  as  outside/inside  surfaces. 
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tmm  yu 


TMSEEBJIAL  RESIDUAL . STRESS  (O.E.)  SOS  CYLEffiESS 

■am 

Strain  Cause  Technique 

Run  fb* 

Location 

t/R 

Location 

Hi 

z&m 

3 A 

Center 

0.026 

4*330 

Base 

0.029 

-920 

48 

Center 

0.06 

-7200 

Base 

0.06 

-8200 

6A 

Top 

0.05 

-4200 

Center 

0.054 

-4500 

Base 

3.06 

-6S00 

BA 

Center 

0.065 

-3850 

9A 

Center 

0.044 

-1500 

IDA 

Center 

0.076 

-5050 

IU 

Center 

0.049 

-3900 

12k 

Center 

0.039 

-600 

• 

148 

Center 

0.057 

-4200 

Center 

0.056 

-2400 

c 

1 5k 

Center 

0.053 

-3900 

%* 

Center 

0.053 

-3600 

18A 

Top 

0.050 

-2200 

Top 

0.048 

-5700 

- 

Center 

0.053 

-3500 

Center 

0.052 

-6500 

Base 

0.053 

-4900 

Base 

0.054 

-8600 

X9A 

Top 

0.041 

-2500 

Center 

0.044 

-2600 

Center 

0.046 

-3100 

Base 

0.041 

-2500 

* 

20A 

Center 

0.056 

-5100 

Center 

0.056 

-5700 

Center 

0.056 

-6000 

22A 

Base 

0.064 

-4100 

Top 

0.055 

-2800 

TABLE  Vm 


*  -  T 

..  <j"“ 
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MESHAHICAL  HOBERTT  BATA  BOH  CYL2HDBRS 


Modulus  pel 
(X1C*6) 

Location  E 

Boisson’a 

Ratio 

M 

Ring  Crushing 
Strength 

i&gSt 

3A 

Top 

4.3 

-0.02 

15,200 

4B 

Base 

6.4 

-0.15 

21,200 

6A 

Center 

5.8 

-0.11 

23,500 

9A 

Center 

5.1 

-0.06 

28,300 

MA 

’  Center 

5.2 

-0.08 

18,900 

12A 

Center 

5.1 

-0.04 

27,000 

14B 

Center 

4.7 

-0.13 

24,400 

ISA 

Center 

4.6 

-0.10 

15,000 

18A 

Top 

Center 

Base 

7. 8-8. 2 

7. 6-8. 3 

7. 2-9. 2 

-0.08 

»•» 

24,400 

22,600 

16,200 

19A 

Center 

4.5 

-0.12 

25,700 

20A 

Center 

6.0 

-0.08 

28,700 

22A 

Top 

4.8 

-0.10 

13,300 
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CONDITIONS 


TiiBiia  XIV 

DEPOSITION  CONDITIONS  FOR  TASK  3*4,6 


PRESSURE 


3  HH 


5  MM 


7  MM 


TEMPERATURE 


38oo°p 

(*2100oC) 


(240:1 

(120:1 


30:1)* 

60:1) 


(240:1 

(120:1 


30:1) 

60:1) 


(240:1 

(120:1 


30:1) 

60:1) 


364o°f 

(<v,2000°C) 


(240:1 

(120:1 


30:1) 

60:1) 


(240:1 

(120:1 


30:1) 

60:1) 


3ty?0°F 

(*l900°c) 


(120:1  60:1) 


(240:1 

(120:1 


30:1) 

60:1) 


*Figures  in  parentheses  are  volume  ratios  of 
hydrocarbon  source  g&o-to-boron  source  gas 
flows*  Detroit  natural  gas  (predominantly  methane) 
and  boron  trichloride  ware  used  for  these  studies# 
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TABLE  XVI 


DEPOSITION  CONDITIONS  FOR  TASK  3.4.6 


(CPE)  (CFH)  CH4/  Hr  s. 

Run  Temp  Press.  CH^  BCI3  jgcig  Tisie 


8944-1 

3800 

5 

36 

0.60 

60 

7-2/3 

8044-2 

3800 

5 

36 

1.20 

30 

7-2/3 

8045-1 

3800 

5 

36 

0.15 

240 

10 

8045-2 

3800 

5 

36 

0.30 

120 

10 

8046-1 

3800 

3 

36 

0.15 

240 

10 

8646*2 

3800 

3 

36 

0.30 

120 

10 

8047-1 

3800 

3 

36 

0.60 

60 

10 

8047-2 

3800 

3 

36 

1.20 

30 

10 

8048-1 

3300 

7 

36 

0.60 

60 

10 

8048-2 

3800 

7 

36 

0.30 

120 

10 

*049-1 

3800 

7 

36 

0.15 

240 

7-5/6 

«049-2 

3860 

7 

36 

1.20 

30 

7-5/6 

8050-1 

3640 

5 

36 

0.30 

129 

8 

8050-2 

3640 

5 

36 

0.60 

60 

8 

8051-1 

3640 

5 

36 

0.15 

240 

14  Min 

@051-2 

3640 

5 

36 

1.20 

30 

14  Min 

8052-1 

3640 

5 

36 

0,15 

240 

8 

@052-2 

3640 

5 

36 

1.26 

30 

8 

8053-1 

3640 

3*4 

36 

0.30 

120 

a 

8053-2 

3640 

3.4 

36 

0.60 

60 

8 

8056-1 

3640 

3.5«4.5 

36 

0.15 

240 

8 

8056-2 

3640 

3.5-4.S 

36 

1.20 

30 

8 

*8060-1 

3640 

3 

36 

0.15 

240 

4-I/3 

*8060-2 

3640 

3 

36 

1.20 

30 

4-1/3 

6951-1 

5 

36 

~ oTB 

"25(5 

7 

8061-2 

3640 

5 

36 

0.03 

450 

7 

8055-1 

3450 

5 

36 

0.30 

120 

8 

8055-2 

3450 

5 

36 

0.60 

60 

8 

8058-1 

3450 

3 

36 

0.30 

120 

8 

8058-2 

3450 

3 

36 

0.60 

60 

8 

8059-1 

3450 

5 

36 

0.15 

240 

8 

8059-2 

3450 

5 

36 

1.20 

30 

8 

8065-1 

3450 

7 

36 

0.15 

240 

7 

8065-2 

3450 

7 

36 

0.30 

120 

7 

*  For  analysis  these  two  deposits  will  be  reversed  (See  text) 


TEST  BESPITS  FOB  TASK  3.4,6 


Ena 

Stress! 

pel 

Sts 

Top 

th1 

Mm 

Top 

Density 

g/se 

Bfcs 

Top 

Boron  Analysis- 
% 

3tas  Top 

S044-I 

4893 

4464 

.054 

.050 

.67 

.66 

8044-2 

6152 

5005 

.064 

.056 

2.227 

2.227 

,94 

.80 

8045-1 

5285 

4746 

.078 

.063 

2.232 

2.224 

.63 

.52 

8045-2 

- 

a 

.079 

.081 

2.229 

2.223 

.65 

.63 

8046-1 

m 

.053 

.047 

2.212 

2.208 

.39 

.28 

8046-2 

m 

S3* 

.052 

.050 

2.216 

2.210 

.47 

,38-, 43 

8C47-1 

» 

.055 

,058 

2.224 

2.223 

.55 

.50 

8047-2 

4795 

4416 

.068 

.059 

2.231 

2.228 

.71 

,63 

8048-1 

«• 

,083 

.083 

2.234 

2,229 

.915 

.755 

8648-2 

6629 

6124 

.091 

.080 

2.237 

2.232 

.74 

.69 

8049-1 

** 

- 

.081 

.079 

2.229 

2.226 

.40 

.37 

8049-2 

5031 

4995 

.072 

.068 

2.225 

2.224 

,91 

.84 

SOSO-1 

5126 

4525 

.059 

.051 

2,236 

2.232 

.90 

.85 

8050-2 

4256 

3937 

.057 

.049 

2.226 

2.228 

1.05 

.99 

8051-1 

- 

a» 

so 

tm 

0 

0 

m 

- 

8051-2 

• 

0 

o 

0 

ez» 

0 

0 

0 

8052-1 

3570 

2660 

.058 

.049 

2.223 

2.219 

.385 

.30 

5052-2 

3070 

1950 

.058 

.052 

2.228 

2.225 

4*0 

,Q  / 

AA 

•  ou 

8053-1 

3953 

3267 

,046 

.039 

2.232 

2.228 

.91 

.87 

8053-2 

3961 

2975 

.046 

.038 

2.230 

2.228 

.96 

.98 

8056-1 

. 

m 

m 

0 

8056-2 

m 

• 

- 

- 

0 

- 

- 

- 

*8060-1 

1647 

1732 

.022 

.022 

2.227 

2.225 

1.12 

.92 

*8060-2 

1950 

1577 

.024 

.021 

2.220 

2.213 

.75 

.60 

8051-1 

4653 

4404 

.049 

.045 

2.239 

2.235 

.85 

.85 

8061-2 

3073 

3341 

.044 

.043 

2.232 

2.234 

.55 

.62 

8055-1 

<*• 

0 

2.219 

2.205 

1,56 

1.37 

8055-2 

m 

- 

0 

at 

2.204 

2.209 

1.63 

1.35 

8058-1 

2956 

2163 

.040 

.029 

2.218 

2.212 

1.31 

1.14 

8058-2 

2814 

2258 

.033 

.026 

2.207 

2.207 

1.29 

1.14 

8059-1 

m 

.049 

.045 

2.230 

2.231 

1.10 

.97 

8059-2 

3100 

986 

.048 

.042 

2.221 

2.221 

1.46 

1.28 

8065-1 

•» 

0 

0 

m 

m 

8065-2 

0 

- 

- 

0 

0 

0 

- 

0 

*?or  analysis  these  two  deposits  will  be  reversed  (Sec  text) 


gABtB  mi  Continued 


footnotes. 

mwiwwMMUMfiH  m 

(1)  Stress  defcerainsdgby  cut-ring  displacement  ssedied 
assmalng  4.5  x  10°  pel  e@  modulus  of  elasticity. 

(2)  t/r  -  thickness /radius  of  deposit. 

(3)  Boron  analysis  obtained  from  Task  3.4.7  try  pyrobydrolysis 
technique. 
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TA3TJ2  XX 


camsssm  o?  nra  mm  m  ‘mmmjHsis  md  light  emission  sieoieoscgh 


2-43  (3-1000)  i  to,  0,035  0,057  0,050  0.059  0,058  (0.OSS)  a 

0.057  0,054  0.053  0,057  (0.056)  b 

0.057  0,057  '0.057  0.055  (0.057)  c 


1-49  (3-250) 

i  to. 

0.34 

0.37 

0.36 

0.38 

0.39 

(0.38) 

6 

0,38 

0.40 

0.43 

0.41 

(0.40) 

b 

0.40 

0.39 

0.39 

0.37 

(0,39) 

C 

6046-1(3-240) 

B 

0.39 

0.42 

0.40 

0,41 

0.41 

(0.41) 

b 

0.29 

0.27 

0.32 

0.30 

0.31 

0,31 

(0.31) 

d 

8046-2(3-120) 

S 

0.47 

0.46 

0.46 

0.46 

0.44 

(0.46) 

d 

O-f 

0.38 

0.35 

0.34 

0,35 

0.35 

(0.35) 

a 

B~e 

0.43 

0.39 

0.41 

0,40 

0.40 

(0.40) 

a 

8{&7-l(3«60) 

B 

0.55 

r0.43 

0.40 

0.44 

0,40 

(0.42) 

8  1 

10.49 

0,52 

0,51 

0.48 

(0.50) 

4  }• 
j  * 

D 

0.50 

0.41 

0.41 

0.38 

0.43 

(0.43) 

e 

8047-2(3-30) 

B 

0.71 

rO.51 

0.54 

0.51 

0.54 

(0.53) 

e  - 

t0,83 

0.84 

0.81 

0.81 

(0.82) 

J* 

0 

0,63 

0.52 

0.51 

0.57 

0.57 

(0.54) 

e 

8043-2(5-240)  4 

B 

0.46 

0.48 

0.47 

0.49 

0.45 

0.47 

(0.47) 

b 

D 

0.43 

C.45 

0.45 

0.47 

0.44 

(0.45) 

b 

8045-1(5-240) 

B 

0,63 

0.86 

0.89 

0.90 

0.91 

(0,89) 

1 

S 

0.52 

0.52 

0.54 

0.53 

0.53 

(0.53) 

1 

8045-2(5-120) 

B 

0.66 

0.64 

0.65 

0.73 

0.80 

0.73 

(0.73) 

b 

D 

0.63 

0.60 

0.63 

0.63 

0.62 

(0.62) 

d 

8044-1(5-60)  +22 

B 

0.67 

0.76 

0.79 

0.77 

0.79 

(0.78) 

f 

D 

0.66 

0.84 

0.81 

0.84 

0.85 

(0.84) 

f 
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TABLS  E.  CtaMimea 


toe.  TfeiigtJs^srtBorm  '  Ss*, 

PyrohydrolyglB  g^ctesaeopy  (SnQo  gfcaafiar^) 


- 

jL 

Is. 

13MWWW  «WR* 

1. 

sew 

Is. 

h. 

* 

3S00®F_  Deposits,  ccnt,j. 

8044-2(5-30) 

S 

0.96 

0.93 

0.84 

0.88 

0.88 

0.97 

<0.89) 

0.86 

0.89 

0.83 

0.92 

(0.89) 

f 

r0.63 

*0.99 

0,65 

0.64 

0,65 

(0.64) 

£1 

0.92 

0.92 

1.00 

(0,96) 

P 

0 

0.80 

0.76 

0.75 

0.77 

0.80 

(0.77) 

£ 

8049-1(7-240) 

s 

0.40 

0.40 

0.41 

0.38 

0.39 

0.41 

(0.40) 

h 

D 

0.37 

0.36 

0,39 

0.35 

0.38 

(0.37) 

h 

8048-2(7-120) 

B 

0.74 

,0.55 

<0.80 

0.56 

0.57 

0.57 

(0.56) 

V 

0.80 

0.81 

0.80 

(0.80) 

D 

0.69 

0.75 

0.79 

0.79 

0.77 

(0.78) 

s 

♦ 

8048-1(7-60) 

B 

0.90 

0.91 

,  0,68 

0.72 

0.71 

0.71 

(0.71) 

8  1 

<0.91 

0.83 

0.88 

0.90 

(0.89) 

P 

p 

D 

0.76 

0.75 

0.81 

0.81 

0.84 

0.84 

(0.83) 

8 

8049-2(7-30) 

B 

0.91 

0.90 

1.02 

0.87 

1.05 

(0.96) 

h 

• 

3640°F  Deposits 

D 

0.84 

0.89 

0.87 

0.89 

0.94 

(0.90) 

fe 

» 

8052-1(5-240) 

S 

0.38 

0.39 

0.35 

0.35 

0.35 

0.36 

(0.35) 

k 

- 

D 

0.30 

0.3^ 

0.32 

0.32 

0.32 

(0.32) 

k 

8050-1(5-120) 

B 

0.91 

0.89 

0.87 

0.85 

0.93 

0.90 

(0.83) 

i  * 

D 

0.85 

0.84 

0.80 

0.86 

0.85 

0.84 

(0.84) 

i  * 

8050-2(5-60) 

B 

1.05 

0.98 

0.99 

0.98 

0.94 

(0.97) 

i  * 

B 

0.99 

1.01 

1.07 

1.03 

1.03 

(1.05) 

i  * 

8052-2(5-30) 

B 

0.87 

1.02 

1.03 

1*01 

1.01 

Jl.02) 

k 

D 

0.80 

0.81 

0.82 

0.82 

0.78 

(0.81) 

k 

p 

-8060-2(3-30) 

B 

1.12 

<0.83 

1  i.15 

0.80 

0.78 

0.80 

(0.80) 

P  * 

1.10 

1.05 

1.08 

(1.09) 

9 

B 

0.92 

1  0.68 

0.69 

0.70 

0.69 

(0.69) 

P  * 

* 

\  0.90 

0.91 

0.90 

0.89 

(0o90) 

9 
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"TO 


SAHS  %£*  Coatlaued 


u&.  M^J^LS^Ltess  £kss 

"“**“  gygg&ydggiygie  Sgssferoaeegsy  (SnOg  st£sis?4) 


J& 

1ft 

1ft 

1ft 

hi 

i&S£MS> 

364*T¥  ®as©$i£®.  Cent.i 

2033- 1*M- ISO) 

S 

0.91 

0.9T 

0,97 

0.99 

1.05 

(0 >99) 

1 

0 

0,87 

0.90 

0.87 

0,86 

0,89 

(0,88) 

*• 

i 

8053-2(3.4-60) 

S 

0.9S 

I.03 

0.97 

0,97 

1.00 

(0.99) 

1 

0 

9*93 

0«$4 

0,91 

0.93 

0.90 

(0.92) 

1 

8060-1(3-2^0) 

B 

0.75 

0.50 

0.46 

0,49 

0.47 

(o,48) 

V 

l  i 

0.73 

0.70 

0.74 

0.71 

(0.72) 

S. 

0,60 

0.4-3 

0.43 

0.44 

0.44 

(0.44) 

p  *1 

0.61 

0.60 

0.63 

0.63 

(0.62) 

2450®? 

8059-1(5-240) 

B 

1.15 

1.05 

1,00 

0.95 

0.95 

1.00 

(0.97) 

0  * 

0 

0.97 

0.90 

0.95 

0.90 

0.90 

(0.91) 

0  * 

8055- 1(5- 120) 

3 

1.56 

1.51 

3 

M  A«a 

1*31 

1.42 

1.37 

1.41 

1.27 

(1*3T) 

n  * 

8055-2(5-60) 

B 

1.83  1.63 

jl.36 

1.36 

1.42 

1,40 

(1.39) 

g 

il.25 

1.25 

1.30 

1,30 

(1,28) 

'l.50 

1.46 

1.46 

2,46 

m 

Et  * 

0 

1.35 

1,41 

l.4l 

1.37 

1.46 

n  * 

£059-2(5-30) 

B 

1.46 

1.20 

1.35 

1.35 

1.30 

(1.30) 

0  * 

0 

1.23 

1.50 

1.35 

1.40 

1.50 

(1.44) 

0  * 

8053-1(3-120) 

S 

1.31 

1.40 

1.35 

l.4o 

1.38 

(1.38) 

m  * 

0 

1.14 

1.22 

1.25 

1.27 

1.25 

(1.25) 

m  * 

6053-2(3-60) 

B 

1.29 

i.4o 

1.45 

1.42 

i.4o 

(1.42) 

m  * 

0 

1.14 

1.25 

1.27 

1.18 

1.28 

(1.22) 

m  * 

3270°F  Eaeoaita  (flat  Dints) 

P-1  (2-70) 

3  in* 

0.78 

0.79 

0.81 

0.84 

0.81 

0.89 

(0.84) 

a 

5  In. 

0.34 

0.36 

0.70 

0.70 

0.63 

0,70 

(0.70) 

& 

1.03 

0,97 

0.95 

1.01 

(0.99) 

b 

0.32 

0.32 

0.63 

0.81 

(0.82) 

c 

6  in. 

0.92 

0.93 

1,10 

1.03 

1.09 

1.03 

(1.03) 

& 
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TAJBIS  XX,  Continued 


JGOTES;  Spectroscopic  analyses  enclosed  by  brackets  ( {  | )  were  separate 

samples  frm  the  saiat  bottle  before  miring  with  SnOg  as  a  standard. 
Letters  in  "Plate- "  column  indicate  spectroscopic  data  from  the  same 
photographic  plane.  Capital  letters  in  "Lee,"  column  indicate 
different  positions  along  the  gas  flow  stream  (3=k  in.,  3>*12  in.), 
small  letters  ("f"  and  "e")  indicate  different  locations  around 
the  circumference  at  the  same  position.  The  *  in  the  "Plate" 
column  indicates  that  the  powder  was  diluted  with  spectroscopic 
graphite  a  second  tine  (iA)  before  miring  with  SnOgJ  all  others 
were  diluted  only  once  (1/9) . 


TABLE  XXX 


BOSON  ASSAY  BY  PYROHYD ROLYS  IS  FOLLOWED 
BY  TITRATION  OR  SPECTROPHOTOMETRY 


Rtm(p.tnm~C3L,/BCU)  Loc.  Weight  Per  Cant  Boron 

Titration  Spectrophotometry  (0.1  g.  sample) 
(1  g  sample) 

3450°F  Deposit 


8065-1(7-240) 

B 

1.13, 

1.12 

D 

1.40, 

1.46 

8065-2(7-120) 

B 

1.23, 

1.28 

D 

1.55 

3640°F  Deposit 

8061-2(5-450) 

B 

0.55 

(.064,  0.56)*  0.55,  0.56 

D 

0.62 

(0.56,  0.56)*  0.59,  0.60 

8061-1(5-240) 

B 

0.85 

(0.80,  0=80)*  0,77,  0.80 

D 

0.85 

3270°F  Deposit 

Pl-F  (2-70) 

3  in. 

o 

00 

0.79 

0.75,  0.74,  0.75,  0.72, 

0.75,  0.75,  0.69  (0.73  average) 

^Duplicate  analyses  of  the 

same  sample. 

TABLE  XXII 

REPRODUCIBILITY  0?  RESULTS  ON  SMALL  SAMPLES  BY 


PYROHYDROLYS IS 

AND  SPECTROPHOTOMETRY 

Sample  Description 

Weight  Per 

Cent 

Boron 

L  2.  3. 

4j. 

(Average) 

PG-6053,  nose,  last  % 

0.17  0.20  0.20 

0.21 

(0.20) 

PG-6065,  skirt,  last  \ 

0.51  1.03  0.88 

0.83 

(0.81) 

PG-5065,  skirt,  last  ^ 

1.11  0.85  0.91 

0.84 

(0,93) 
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TABLE  XXIII 

PROCESSING  CHARACTERISTICS  FOR  CYLINDER  DEPOSITS* 


« 

BCI3  Flow 

Boron  Assay 

wall  Thickness 
(mils) 

Cylinder 

(1pm) 

<%> 

Max. 

Min, 

Mid 

GEDC-IR 

0.03 

38  +  3 

30  +  3 

36  +  3 

GEDC-2R 

0.03 

0.  32  +  0.  08 

100  +-2 

96  +  3 

99  +  2 

GEDC-3R 

0.03 

0.29  +  0.03 

75  +  5 

72  +  4 

74  +  5 

GE0C-4R 

0.015 

0,13  +  0.02 

77  +  3 

74  +  2 

76  +  3 

GEDC-5R 

0.06 

0.74  +  0.1 

79  +  5 

71  +  3 

78+3 

GEDC-6R 

0.045 

0.43  +  0.05 

81  +  3 

75  +  3 

80  +  2 

GEDC-7R 

Graded  0.  06 

0.67/0.24 

90  +  5 

83  +  5 

87  +  5 

to  0.02 

GBDC-8R 

Graded  0. 045 

0.40/0.22 

75  +  3 

72  +  2 

74  +  3 

to  0.02 

*** 


Nominal  2000° C,  15  torr,  CH^  flow  9  1pm. 

Boron  assay,  (weight  percent)  measured  at  center  of  cylinder. 
Reported  as  o.d.  /i.  d.  for  graded  deposits. 

Measured  over  central  7 -inch  section  of  cylinder. 

Min.  at  gas  inlet  side  of  cylinder. 
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PROPERTY  MEASUREMENTS  ON  AS -DEPOSITED  MATERIAL 


Ring 

Number 

Failure 

Stress 

Modulus 
psi,  1G6 

Poisson's 

Ratio 

Residual 

Stress 

Ultimata 

Stress 

(p®i) 

t/r 

$ 

Boron 

m 

GEDC-4R 

24, 000 

4.4 

-0.15 

-4000 

28,900 

0.055 

0. 13 

GEDC-3R 

22,500 

5.2 

-0.09 

-6700 

29,200 

0.052 

0.29 

GEDC-6R 

18,400 

5.8 

-0.15 

-6100 

24, 500 

0.052 

0.48 

GEDC-5R 

21,500 

7.6 

-0.15 

-7100 

28,600 

0.054 

0.74 

GEDC-7R 

22,200 

7.1 

-0. 13 

-7300 

29,500 

0.057 

0.67/0.24 

GEDC-8R 

25,100 

6,0 

-0. 12 

-5800 

30,900 

0.052 

0.40/0.22 

$ 

Given  as  o.  d.  ,'i.  d,  for  graded  deposits 
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TABLE  XXV 


PROPERTY  MEASUREMENTS  ON  RINGS  ANNEALED 
AT  2000°  C  FOR  S  HOURS 


Ring  No. 

Failure 

Stress 

(psi) 

Modulus/ 
(psi,  10°) 

Poisson's 

Ratio 

Residual 

Stress 

(psi) 

Ultimate 

Stress 

(psi) 

t/r 

GEDC-4R 

19,300 

6.0 

-0. 12 

-  7,400 

26,700 

0.055 

GEDC-3R 

17,400 

8.7 

-0.07 

-12,400 

29,800 

0.052 

GEDC-6R 

15,200 

3.6 

-0.11 

-10,900 

26, 100 

0.052 

GEDC-5R 

19,000 

9.5 

-0. 14 

-12,800 

31,800 

0.054 

GEDC-7R 

19,500 

9.3 

-0. 15 

-11,700 

31,200 

0.057 

GEDC-8R 

11,700* 

8.1 

-0. 10 

-10,500 

22,200 

0.052 

Ring  delaminated  during  test. 


TABLE  XXVI 

PROPERTY  MEASUREMENTS  ON  RINGS  ANNEALED 
AT  2000°  C  FOR  15  HOURS 


Ring  No. 

Failure 

Stress 

(psi) 

Modulus 
(pai,  10°) 

Poisson's 

Ratio 

Residual 

Stress 

(psi) 

Ultimate 

Stress 

(pai) 

t/r 

GEDC-4R 

15,100 

6.9 

-0.11 

-  9,200 

24, 300 

0.055 

GEDC-3R 

17,500 

8.9 

-0.11 

-12,400 

29,900 

0.052 

GEDC-6R 

16,300 

9.3 

-0.07 

-12,200 

28, 500 

0.052 

GEDC-5R 

13,800 

10.2 

-0.16 

-13,700 

27,500 

0.054 

GEDC-7R 

18,900 

10.0 

-0. 16 

-11,700 

30, 600 

0.057 

GEDC-8R 

11,300* 

7.6 

-0. 11 

-  9,200 

20,500 

0.052 

* 


$ 

Ring  delaminated  during  test. 


TA3XB  XXVII 

RELATIVE  STRUCTURAL  INTEGRITY* 


After  Annealing  at  2000°  C 


Cylinder  No. 

As -Deposited 

5 -Hour  Anneal 

15 -Hour  . 

GEDC-4R 

1.0 

0.44 

0.28 

GEDC-3R 

0.53 

0.22 

0.22 

GEDC-6R 

0.48 

0.22 

0.21 

GEDC-5R 

0.50 

0.24 

0.16 

GEDC-7R 

0.53 

0.29 

0.28 

GEDC-8R 

0.69 

... 

•  -- 

^Calculated  as  (t/r  X  failure  stress)  residual  stress  and  normalized  for 
as-deposited  cylinder  GEDC-4R  equal  one* 


TASTE  XXVTII 

DIMENSIONAL  CHANGES  AFTER  ANNEALING  AT  2000°  C 


5 -Hour  Anneal  15 -Hour  Anneal 


Cylinder 

Number 

Thickness 

(%) 

Width 

<%> 

Thickness 

(%> 

Width 

<%) 

GEDC-4R 

-1.0 

+0.5 

-1.6 

+0.6 

GEDC-3R 

-2.4 

+0.7 

-3.5 

+1.3 

GEDC-6R 

-2.5 

+0.9 

-3.4 

+1.2 

GEDC-5R 

-2.0 

+1.0 

-2.2 

+1. 1 

GEDC-7R 

-1.4 

+0.5 

-2.1 

+0.9 

GEDC-8R 

-1.6 

+0.5 

-2.9 

+0.9 
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TABLE  XXIX 


UNIT  CELL  HEIGHT  (C  J  FOR  CYLINDER  DEPOSITS 

O'*'""'  . . ■wm.wwih  . I  I—  wm  r.-i  .  aw 


Cylinder 

Boron* 

Unit  Cell  Height.  CQ.  A 

Assay.  % 

o.d.  Surface 

i.  d.  Surface 

GEDG-4R 

0.13*  .02 

6.85 

6. 85 

GEDC-3R 

0.  29  +  .03 

6. 82 

6.84 

GEDC-6R 

0,  48  +  .  05 

6.78 

6.81 

GEBC-5R 

0.  74  +  .  1 

6.75 

6.78 

GEDC-7R 

0,  87/0. 24 

6.74 

6.  84 

GEDC-8R 

0.40/0.22 

6.78 

6.81 

1fcBoron  assay  a?  center  of  cylinder,  reported  as 
o.d./i.d.  for  graded  deposits* 
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RELATIVE  STRUCTURAL  INTEGRITY* 


Cylinder  No. 

Ag -Deposited 

Alter  Annealing  at  2000°  ( 
5 -Hour  Anneal  15 -Hour  j 

GEBC-4R 

1.0 

0.44 

0.28 

GEBC-3R 

0.53 

0.22 

0.22 

GEDC-6R 

0.48 

0.22 

0.21 

GEDC-5R 

0.50 

0.24 

0. 16 

GEDC-7R 

0.53 

0.29 

0.28 

GEDC-8R 

0.69 

«e  «*  m 

*w* 

Calculated  as  (t/r  X  failure  stress)  residual  stress  and  normalized  for 
as-deposited  cylinder  GEDC-ta  equal  one# 


TABES  xxrexi 

DIMENSIONAL  CHANGES  AFTER  ANNEALING  AT  2000°  C 


5 -Hour  Anneal  1 5 -Hour  Anneal 


Cylinder 

Number 

Thickness 

m 

Width 

{%) 

Thickness 

(%) 

Width 

(%) 

GEDC-4R 

-1.0 

+0.5 

-1.6 

+0,6 

GEDC-3R 

-2.4 

+0.7 

-3.5 

+1.3 

GEDC-6R 

-2.5 

+0.9 

-3.4 

+1.2 

GEDC-5R 

-2.0 

+1.0 

-2.2 

+1.1 

GEDC-7R 

-1.4 

+0.5 

-2.1 

+0,9 

GEDC-8R 

-1.6 

+0.5 

-2.9 

+0.9 
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TABLE  XXIX 


UNIT  CELL  HEIGHT  (C  )  FOR  CYLINDER  DEPOSITS 

— — — "  - - - ~  O - — — - - - 


Cylinder 

Boron* 

Assay,  % 

Unit  Cell  Height,  C0,  A 
o.d.  Surface  i.  d.  Surface 

GEDC~4R 

0.13  *.  02 

6.85 

6.  35 

GEDC-3R 

0.  29  +  .03 

6.82 

6.84 

GEDC-6R 

0.48  +  .05 

6.78 

6.81 

GEDC-5R 

0.74  +  .1 

6.75 

6.78 

GEDC-7R 

0.67/0.24 

6.  74 

6.  84 

GEDC-8R 

0.40/0.  22 

6.78 

6.81 

*Boron  assay  at  center  of  cylinder,  reported  as 
o»d,/i«da  for  graded  deposits. 


TABEE  m 


EFFECT  OF  ANNEALING  AT  2000°  C  ON  UNIT  CELL  HEIGHT  (C£)  A 


As-  Annealed  5  Hours  Annealed  15  Hours 

Cylinder  Deposited  Whole  Ring  Cut  Ring  Whole  Ring  Cut  Ring 


No. 

o.  d. 

i.  d. 

o.d. 

i.d. 

o.  d. 

i.d. 

o.  d. 

i.  d. 

o.  d. 

i.d. 

GEDC-4R 

6. 85 

6.85 

6.81 

6.81 

6.82 

6.82 

6.81 

6.80 

6.80 

6.82 

GEDC-5R 

6.75 

6.78 

6.73 

6.73 

6.74 

6.74 

6.73 

6,74 

6.73 

6.73 

GEDC-7R 

6,74 

6.84 

6.74 

6.  SO 

6.74 

6.80 

6.73 

6.78 

6.73 

6.76 

TABIE  mi 

COEFFICIENT  OF  THERMAL  EXPANSION  FROM  0  -  1000°  C 


Cylinder 

No. 

Boron 

% 

As -Deposited 
a-Direction 

GTE  X  106 
c-Direction 

After  Heat  Treating 
c-Direction  X  10& 
HT  2000°  C  15  hours 

GEDC-4R 

0.13 

0.8  +  0.2 

24.3 

25.0 

GEDC-3R 

0.29 

it 

25.5 

27.0 

GEDC-6R 

0.48 

it 

26.1 

23.0 

GEDC-5R 

0.74 

it 

28. 1 

25.8 

$AH£  xxm 


BORON  ASSAY  AND  Cfl  CHARACTERIZATION  FOB.  CYLINDER  GEDC-9R 


Samples  Taken 
At  3"  above  base 
(Wall  thickness  145  mils) 


Samples  Taken 
At  5”  above  base 
(Wall  thickness  158  mils) 


Boron 

w/o 


o.d. 

0.53 

50  mils  from  o.  d. 

— 

75  mils  from  o.  d. 

(0.6) 

87  mils  from  o.  d. 

i.d. 

0.21 

C 

o° 

A 

Boron 

w/o 

Co 

0 

A 

6.75 

0.52 

6.74 

— 

0.47 

6.75 

6.78 

— 

-  **  - 

« — 

0.44 

6.80 

6.85 

0.21 

6.84 

Cylinder  deposited  at  2000°  C,  15  mm  furnace  pressure,  9  1pm  methane 
flow,  graded  BCl^  flow  from  0, 053  1pm  to  0.  015  1pm  in  seven  increments. 
Deposition  time  8  hours. 


TAEUE  XXXJH 

PROCESSING  CHARACTERISTICS  FOR  CYLINDERS  GEDC-10R  -  13R* 


Nominal 


Cylinder  No. 

Boron 

o.d.  /i.d. ,% 

Average 

t/r 

Remarks 

GEDC-10R 

0.5/0. 2 

.076 

Two  delaminationa,  uncracked 

GEDC-1 1R 

0.5/0.  3 

.077 

Single  delamination,  uncracked 

GEDC-12R 

0. 4/0.  2 

.077 

Cracked  and  delaminated 

GEDC-13R 

0.4/0.  2 

.073 

Cracked  and  delaminated 

’"Nominal  deposition  conditions:  T=2000°  C,  P=15  mm,  CH4  flow=9  1pm. 


II 
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TABLE  XXXIV 


PROCESSING  CHARACTERIZATION  FOR  COSE  DEPOSITS 


GEBF  Run 
Run  So .  Variable 


Nominal 
Deposition 
Temp  Time 


Nozzle  Gag  Flow 

Orifice  Furnace  Rates 
Time  Size  Pressure  (Ipro) 
(hrs)  (alls)  (torr)  CH4  ECI3 


Initial 

Initial  Nozzle  to 
Exhaust  Cone  Tip 
Area  Distance 
<%)<a>  (in.) 


1 

Nozzle  size 

2000 

45-3/4 

75 

3 

4.7 

0.04 

50 

8-1/2 

2 

Nozzle  size 

2000 

6 

150 

3 

4.7 

0.04 

50 

8-1/2 

3 

Nozzle  size 

2000 

35 

100 

3 

4.7 

0.04 

50 

8-1/2 

4 

Base-run 

2000 

40 

39 

3 

4.7 

0.04 

50 

8-1/2 

5 

Nozzle 

withdrawal 

2000 

35 

89 

3 

4.7 

0.04 

23 

8-1/2 

6 

Nozzle  with 

1950- 

increase  T 

2100 

25 

100 

3 

4.7 

0.04 

50 

8-1/2 

7 

Increase  T 

1950- 

2100 

35 

100 

3 

4.7 

0.04 

40 

8-1/2 

8 

Graded  B 

1950- 

G  .04— 

• 

increase  T 

2100 

35 

100 

3 

4.7 

0.01 

50 

8-1/2 

9 

Increased 

boron 

2000 

30 

ISO 

4  .  i 

v  •  5:1 

34 

8-1/2 

* 

10 

Modified 

nozzle 

withdrawal 

2000 

30 

100 

'  3 

i,  .  ? 

0  •  0*» 

23 

7-1/2 

* 

11 

Graded  B 

2000 

30 

100 

3 

4.7 

0.CB- 

0.04 

23 

8-1/2 

a 

12 

Modified 

nozzle 

withdrawal 

2000 

30 

100 

3 

4.7 

0.04 

23 

7-1/2 

* 

13 

Nozzle  size 

2000 

14 

89 

3 

4.7 

0.04 

46 

8-1/2 

14 

Increased 

boron 

2000 

7-1/4 

100 

3.6 

4.7 

0.7.6 

46 

8-1/2 

15 

Nitrogen 

4.7 

1(b) 

dilution 

2000 

24-3/4 

100 

3 

(N2=l) 

0.04 

46 

8-1/2 

— 

2000 

20 

100 

3 

4.7 

0.04 

46 

7-1/2 

(a)  Initial  exhaust  area  calculated  as  the  percent  area  of  the  three  15/16  in.  diameter 
holes  at  the  base  of  the  wandrel  sleeve  and  area  between  nozzle  sleeve  mandrel  bass 
plate  to  the  area  at  the  base  of  the  mandrel  sleeve. 


(b)  Raytheon  Company  run. 
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TA BUS  XXXIV  Contlmad 


GSDP 
Run  No. 

Cold  . 
Finger^ 

Nominal 
Boron, 
Level ^ 

Nozzle 

Withdrawal 

,  .  Rotating 
'e)  Cone 

(f) 

Closure''  1 

Avg  Wall  Thickness'S) 
(mils) 

Tip  Kax  Min 

1 

no 

medium 

no 

yes 

good 

782 

48Q±40 

185*5 

2 

no 

medium 

no 

yes 

NS 

75 

145 

70 

3 

no 

medium 

no 

yes 

good 

1500 

40D±40 

200*15 

4 

no 

medium 

no 

yes 

good 

1700 

530*100 

36(3*110 

5 

no 

medium 

yes-fast 

no 

void 

1200 

320*55 

19Q±4Q 

6 

yes 

medium 

yes-std. 

yes 

v©ry 

good 

800 

250+5 

150*30 

7 

no 

medium 

no 

yes 

good 

1190 

390+20 

200*15 

8 

no 

medium 
to  lew 

no 

yes 

very 

good 

625 

255+35 

135*20 

9 

no 

high 

no 

yes 

good 

1250 

3?Q±50 

170*20 

10 

yes 

medium 

yes-std. 

yes 

good 

260 

190+20 

100+15 

11 

yes 

high  to 
medium 

yes-std. 

yes 

very 

good 

570 

25Q±25 

125*15 

12 

no 

medium 

yes-std. 

yes 

very 

good 

400 

28(3*60 

120*30 

13 

no 

medium 

yes-std. 

yes 

good 

370 

150+5 

80+10 

14 

no 

very 

high 

yes-std. 

yes 

NS 

120 

7C±10 

4£*10 

15 

yes 

medium 

yes- 

modified 

yes 

NE 

185 

21(3*10 

80*10 

R-l 

yes 

med'*  urn 

yes-std. 

no 

good 

300 

180410 

90*10 

(c)  Defined  as  unshielded 

1-1/2  in. 

section  of  water-cooled 

nozzle 

(d)  Boron  level  based  on  BCI3  flow  -  low,  0.01  1pm;  medium,  0.04  1pm; 
high,  0.08  1pm;  very  high,  0.16  1pm. 

(e)  Nozzle  withdrawal  rate  defined  as:  fast,  1/4  in.  per  5  hrs  of  deposition; 
STD,  (standard),  1/8  in.  after  5  and  10  hrs,  ]/4  in.  after  15  and  20  hrs, 

1/2  in.  after  25  hrs;  modified,  1/8  in.  per  5  hrs.  of  deposition. 

(f)  Tip  closure  rating  based  on  curvature  of  de lamination  pattern  from  min.  w&ll 
thickness  region  to  the  cone  tip.  HE  »  not  examined  (thin  tip  closure). 

(g)  Max  measured  at  about  7  in.  from  tip;  rain  measured  over  range  1  to  3  in. 
from  tip. 
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TABLE  XXXV 

BORON  ANALYSIS  FOR  CONES 

i«*l) 


Tip  of  Cone 

Base 

of  Cone 

GEDP 

Run  No. 

Outer 

Surface 

Center 

Inner 

Surface 

Outer 

Surface 

Inner 

Surface 

I 

0.6 

— 

0.5 

0.6 

2.4 

3 

1.3 

1.1 

1.5 

1.5 

2.0 

4 

0.3 

0.7 

0.8 

1.5 

— 

5 

0.6 

0.8 

0.8 

0.7 

— 

6 

1.2 

1.5 

1.2 

1.5 

1.4 

7 

1.1 

1.0 

1.4 

1.6 

1.9 

8 

1.4 

— 

0.5 

1.3 

0.3 

9 

0.6 

1.0 

1.4 

1.1 

1.9 

10 

0.7 

— - 

— 

1.2 

1.8 

11 

0.6 

— 

— - 

1.3 

1.5 

13 

... 

_  _  _ 

... 

1.8 

2.2 
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TABLE  XXXVI 
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*No.  2-40  -  Deposition  Temperatures  1750 
*No.  2-41  -  Deposition  Temperature  1925 
All  otheT  experiments  -  Deposition  Temperature  2100* 
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COMPOSITION  OF  NATURAL  GAS* 


ch4 

94.60%, 

c2h6 

3.27 

C3R8 

.63 

Iso  Butane 

.10 

N.  Butane 

0 

H 

O 

Iso  Pentane 

.05 

Eexanea  + 

.05 

co2 

.80 

n2 

.40 

Total 

100.00% 

*  Niagra  Mohawk  Power  Corporation 


LEVELS  OF  IMPURITIES 


A  = 

b  n 

C  » 

d  = 

6  sc 


CH 


C2H6 

c3h8 

C02 

h2 

BC13 


added  to  bring  total  flow 
to  1,9  cfn. 


TABLE  LI 


EFFECTS  OF  IMPURITIES  ON  THE  DEPOSITION  RATE 


% 

Treatment  . 

Levels 

of  Impurity  j 

Slope 

Corabinationsj 

C2Hs  C02 
C3H8 

H2 

BCI3 

Experimental 

Calculated 

1 

a 

+ 

1.6 

2.9 

1.6 

2.5 

b 

- 

+ 

- 

- 

- 

2.4 

2.1 

ab 

+ 

- 

- 

- 

2.2 

2.5 

c 

- 

- 

- 

- 

1.9 

1*6 

ac 

- 

+ 

- 

- 

215 

2.5 

be 

- 

4- 

* 

- 

- 

2.0 

2.1 

a be 

+ 

•f 

+ 

- 

- 

2.6 

2.5 

a 

- 

- 

- 

+ 

mm 

1.0 

1.1 

ad 

+ 

- 

- 

+ 

mm 

2.3 

2.1 

bd 

- 

4- 

~ 

+ 

- 

1.6 

1.7 

abd 

+ 

4- 

- 

4- 

- 

2.1 

2.3 

cd 

•* 

- 

4- 

4- 

- 

1.2 

lol 

acd 

+ 

- 

+ 

4- 

- 

1.8 

2.1 

bed 

- 

4- 

+ 

+ 

- 

1.5 

1.7 

abed 

+ 

4. 

+ 

+ 

- 

2.3 

2.1 

« 

«•» 

mm 

«• 

- 

4- 

3.1 

3.5 

aa 

+ 

- 

mm 

mm 

+ 

6.7 

6.3 

be 

- 

+ 

- 

- 

+ 

5.1 

4.5 

aba 

+ 

4- 

- 

- 

4. 

5.5 

c.  0 

ca 

- 

- 

+ 

- 

+ 

3.7 

3.5 

ace 

4- 

- 

+ 

- 

+ 

5.5 

6.3 

bee 

- 

+ 

+ 

- 

+ 

3.9 

4.5 

abce 

+ 

+ 

+ 

- 

+ 

6.2 

6.1 

d© 

- 

- 

- 

+ 

+ 

2.5 

2.4 

ade 

+ 

- 

- 

+ 

+ 

5.3 

5.3 

bda 

- 

+ 

- 

4- 

+ 

3.2 

3.3 

abda 

+ 

4- 

- 

+ 

+ 

5.9 

5.7 
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*» 

- 

+ 

+ 

4- 

2.2 

2.4 

aede 

+ 

- 

+ 

4- 

+ 

5.8 

5.1 

bede 

- 

+ 

+ 

+ 

+ 

3.6 

3.5 

abode 

+ 

4- 

+ 

+ 

4- 

5.8 

1 

4.9 

i  -  pure  era  Chan e 
&  -  ethane 
b  -  propane 
c  -  carbon  dioxide 
d  -  hydrogen 
e  -  boron  trichloride 

"ab"  would  mean  that  unit  concentrations  ethane  and  propane  were  added  to 
pure  methane 
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TASK  3. 3. 7-1 

SUNH&RY  OF  OPERATING  CONDITIONS  AND  RESULTS 


Operating  Coisditions 


mmm 

19 

Noszle 

Position 

Inches 

From  Nose 

Run  Time 
Sched.  Act. 

Flows  (efh) 

Nat.  Gas  BCl^ 

Pressure 

KM 

Temp . 

T 

60S0 

?•'-  9» 

45 

45 

10 

.083 

2.0 

3750 

4063 

6"-10" 

45 

28 

10 

.083 

2.0 

3750 

6053 

e*'-!©9* 

45 

45 

10 

.083 

2.0 

3750 

6056 

6” -10" 

45 

45 

j 

10 

.083 

_ 

2.0 

3750 

Results 


Run 

No. 

Profile 

Max. 

Boron  %  in  Solid 

Nose  Skirt 

Cfl 

Nose 

First  Last 

Deposit  Deposit  * 

Nose  Wall 

Thickness  Min . 

First 

Half 

Last 

Half 

First 

Half 

Last 

Half 

6050 

1.02 

.11 

.24 

- 

- 

- 

6.854 

6.818 

4063 

0.42 

.03 

.22 

.02 

.04 

.08 

.0? 

6.862 

6.843 

6053 

0.50 

.08 

.28 

.17 

.52 

.61 

.81 

6.854 

6.823 

6056 

0.78 

.17 

.29 

.30 

.75 

.40 

.74 

6.849 

6.815 
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Hossle 
Position 
Inches 
From  Nose 


Run  Time  Flows  (cfh)  Pressure 

Sched.  Act.  Nat.  Gas  BCl3  KM 


6054 

12" -7" 

45 

44.5 

10 

.083 

2.0 

3750 

6055 

12"-8" 

43 

43 

*4-10 

*.028-. 083 

2.0 

3750 

605? 

12" -7" 

45 

45 

10 

.040 

2.0 

3750 

*  See  Text 


Results 


Profile 

Run  Nose  Wall 

No.  Thickness  Min.  Max. 


Boron  X  in  Solid 
Nose  Skirt 


6054 

0.4? 

.11 

• 

6055 

0.48 

.09 

.25 

6057 

0.70 

.12 

.21 

First 

Last 

!  Deposit 

Deposit 

6.772 

6.854 

6.825 

6.843 

6.800 

6.846 

TABLE  LV 


TASK  3. 3. 7-3 

SUMMARY  OF  OPERATING  CONDITIONS  AND  RESULTS 


Operating  Conditions 


Run 

Ho. 

Hosssle 

Position 

Inches 

From  Hose 

Run  Time 
Sched.  Act. 

Flows  (efh) 
Hat.  Gas  BC1-* 

Pressure 

MM 

Temp. 

CF 

5061 

8.5" 

40 

40 

10 

.040 

5.0/1. 5 

3750 

5062 

8.5" 

30 

30 

10 

.040 

5.0 

3750 

5064 

8.5" 

30 

30 

10 

.040 

8.0 

3750 

5068 

8.5" 

30 

9.25 

10 

.040 

18.0 

3750 

Results 


£o«rc&  X  in 

Solid 

Co 

Profile 

Nose 

Skirt 

Nose 

Run 

Nose 

Wall 

First 

Last 

First 

Last 

First 

Last 

Bo. 

Thickness 

Min. 

Max. 

Half 

Half 

Half 

Half 

Deposit 

Deposit 

_ 

5061 

*0.28 

.28 

.50 

.34 

.25 

.30 

.46 

6.772 

6.754 

5062 

*1.55 

.28 

.34 

.17 

.21 

.26 

.67 

6.749 

6.836 

5064 

0.12 

.39 

.60 

.41 

.76 

.91 

2.07 

6,769 

6.836 

5068 

0.06 

.11 

.28 

.57 

.43 

.32 

.46 

6,724 

6.846 

*  Deposit  has  void  in  nose  region  or,  if  run  longer,  would  have  had  void. 


TABLE  LVI 


TASK  3. 3. 7-4 


r! 


SUMMARY  OF  OPERATING  CONDITIONS  AND  RESULTS 


■5 


Operating  Conditions 


Run 

No. 

Nozzle 
Position 
Inches 
From  Nose 

Run  Tims 
Sched.  Act. 

Flows  (cfh) 

Nat.  Gas  BC13 

Pressure 

ta 

temp. 

*F 

5056 

8.5" 

45 

1.5 

10 

.033 

2.0 

3750 

5057 

8.5" 

45 

45 

10 

.083 

2.0 

3750 

4067 

8.5" 

45 

45 

10 

.040 

2.0 

3750 

Results 


Boron  %  in  Solid 

C  1 

Profile 

Nose 

Skirt 

Nose  i 

Run 

Nose 

Wall 

First 

Last 

First 

Last 

First 

Last 

No. 

Thickness 

Min. 

Max. 

Half 

Half 

Half 

Half 

Deposit 

Deposit 

5056 

0.04 

<.01 

<.01 

- 

- 

- 

- 

- 

5057 

0.88 

.15 

.33 

.41 

.55 

.37 

1.10 

6.836 

6 .843 

4067 

0.50 

1  • 

<— 

!  w 
i 

.27 

.27 

.45 

N 

CO 

• 

_ 1 

.62 

6.854 

6.782 

_  .  _  J 
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TABLE  IVIIb 


TASK  3. 3. 7-5 

SUMMARY  OF  OPERATING  CONDITIONS  AND  RESULTS 


Results 


Boron  %  in  Solid 

Profile 

Nose 

Skirt 

Nose 

Run 

$t  se 

Wall 

Pit  <*t 

Last 

First 

Last 

First 

Last 

No. 

Thickness 

Min. 

Max. 

Half 

Half 

Half 

Half 

Deposit  Deposit 

5065 

- - 

1.02 

.26 

.52 

.« 

.95 

’ 

,67 

1.11 

6.832 

6.813 

4071 

i  oo 

.17 

.40 

.28 

.40 

.37 

.74 

6.849 

6.823 

6060 

1.4£. 

.21 

.34 

.SO 

.70 

.66 

2.13 

6.849 

6.820 

5066 

0.40 

.10 

.24 

.38 

.66 

.17 

.34 

6.849 

6,813 

1 

j 

5071 

0.42 

.04 

.46 

* 

- 

M. 

6.851 

6.854  ! 

i 

4072 

1.70* 

.12 

.35 

CO 

m 

• 

.74 

.24 

.51 

6.815 

6.739  ’ 

6061 

2.00* 

.13 

.24 

,36 

.53 

.55 

.83 

6.836 

6.802 

/  ftl/ 
l 

2.20* 

.15 

.30 

ca 

*  VW 

.54 

.44 

1.07 

a  .779 

A  7<Ul 
*»  •  ■*  * 

4075 

2.00* 

.07 

.25 

.64 

.73 

.60 

1.12 

6.338 

6.737 

4076 

2.70* 

.08 

.20 

.47 

.34 

.50 

1.08 

6.823 

6.836 

6065 

1.74* 

.15 

f 

.28 

.37 

,55 

.66 

.51 

6.831 

6.785 

6068 

1.75* 

.14 

.30 

- 

- 

- 

. 

6.747 

6,818 

*  Deposit  has  void  in  nose  region  or,  if  run  longer,  would  have  had  void. 
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FIGURE  2 
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Figure  ?. 

Polished  Surface, , Grade  B  Graphite 
(2  X) 


typical  Mandrel  Failure  Patterns 
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Ias&  3.3*3  Spalled  Surface  of  Esmstym  Deposited 
la  tapered  thlcimess  saaadrel. 


figure  16 
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'Figure  28a 


Deposition  surface  resulting  from  mandrel jpolidhed 
with  600  grit  paper  followed  by  «0D03n  pcecoat.. 
Original  Magnification  2X 


Deposition  surface  resulting  from  mandrel  oxidized 
1  hour  at  105 0°F  with  no  subsequent  t>r.ecoat . 
Original  Magnification  2X 
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Deposition  surface  resulting  from  mandrel  oxidized 
1  hour  at  1150°F  followed  by  .0003"  precoat. 
Original  Magnification  2X 


Figure  19b 


Figure  19a 


Deposition  surface  resulting  from  mandrel  oxidized 
1  hour  at  1050°F  followed  by  .0003"  precoat. 
Original  Magnification  2X 
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Figure  24 
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Desired  Deposit 


Desired  Deposit 


Desired  Deposit 


Retainer  Bottom 


Schematic  Arrangement  of  Parts  in  Multiple  Tube 
Deposition  Assembly  for  Evaluation  of  Termination  Design 
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Characteristic  Deposit  With 
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Micrographs  for  Boron  PG  cylinder  deposits.  Boron 
content  Variable  from  Trimethyl  Borate  and  Methane 


Figure  36 
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COEFFICIENT  OF  THERMAL  EXPANSION  XIO  w  (  a  -  DIRECTION  ) 


Photograph  of  Diametral  Ring  Compression  Apparatus 


Figure  43 
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MODULUS  OF  ELASTICITY  XIO"  PSI 


MODULUS 

O  NOMINAL  CONSTANT  BORON  DEPOSIT 
©  SURFACE  MODULUS  GRADED  BORON  DEPOSIT 


MODULUS' 


4-0  h/D 


POISSON’S  RATIO— 

□  NOMINAL  CONSTANT  BORON  DEPOSIT 


BORON, % 

MODULUS  OF  ELASTICITY  AND  POISSON^  RATIO  FOR  BPG  AS  A 
FUNCTION  OF  BOROtN  CONTENT.  NOMINAL  2000*  C  DEPOSITS  CURVES 
BASED  UPON  PREVIOUS  RAYTHEON  CQ  FLAT  PLATE  DEPOSITS. 
CIRCLES  AND  SQUARES  FROM  TUBE  DEPOSITS 

F I gure  45 


OlSSlOd 
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Mol  Fraction 


Equi librium  Mol  Fractions 
of  Various  Gas  Species  in  C-H  System 
at  0.1  Atmosphere  Pressure  and  C/H  Ratio  of  1/4. 
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Figure  48. 
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FRUSTUM  MANDREL  FOR  TASK  3. 2. 2.1 


Figure  55 

SCHEMATIC  REPRESENTATION  OF  A  POSSIBLE  GAS -REPLENISHMENT 
TECHNIQUE  FOR  ACHIEVING  UNIFORM  ML  THICKNESSES  IN  LONG  FRUSTUMS 
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Distance  from  Gsis  Inlet  End  -  Inches 
Task  3. 2. 2.3  Initial  Deposition  Thickness  Profiles 


Length 

Effects  of  Hydrogen  Dilution  In  Boron-alloyed  and  Unalloyed  FG  Deposition 


Deposition  Rate— Mils/Hr 


Deposition  Assembly  for  Task  3.^.6 
Figure  65. 


Typlcsl  Cylinders  Prior  to  Handrol  Removal 


Figure  66. 
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TASK  3.^.6 

Typical  Deposit,  Cut  for  Sampling 
Figure  68. 
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fc?all  Th:  ckness,  Kils/Hr 


RJqura  69. 


Wall  Thickness,  Mlla/Hr 


Ofstanca  from  Base  of  Cy?  Irafer-- Inches 
PI  gyro  70. 


Deposition  Profile  for  Cylinders 
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Istanee  from  Base  of  Cylinder— Inches 
Figure  71 • 
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TASK  3.^6 

Deposition  Profile  for  Cylinders 
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Figure  75 
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Microstructures  of  Tube  Deposits 
Task  3.4.6  Orig.  Mag:  50X 


Figure  78 
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Mlcro3tructure3  of  Tube  Deposits 
Task  3.^.6  Orlg.  Mags  50X 


Figure  85 


TASK  3.4.6 


%  Boron  in  Solid  vs.  Temperature 

Ga4  Ratio  «  30 
BC13  1 


O  Bottom  Sample 
©  Top  Sample 
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TASK  3. A. 6 


%  Boren  in  Solid  ys.  Temperature 
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Weight:  %  g  in  Solid 


Smoothed  Calibration  Curve  -  Ring  ,,B"  Values 


Figure  97 


Deposition  Rate  -  Mils/Hr 


Deposition  Rate  vs.  (P)1'  -  Temp.  3450°F 


Deposition  Rate  -  Mils/Hr 


Deposition  Rate  vs.  Temperature 
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due  in  part  to  inaccuracies  in  boron  assay  by  spectroscopy. 


Figure  102 


Standard  curves  for  boron  determination  by  the 
spectropbotqmetric  method  as  a  function  of  time 
of  reaction  between  H3BO3  and  HP.  Azure  C  - 
tetrafluoborate  complex  is  extracted  with  25$  CCI4 
in  dichloroethane. 


Figure  10b 
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Typical  Micros true tures  of  Cylinders 
Polarized  Light,  10QX  Magnification. 


Figure  105 
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Photograph  of  Mandrel  Assembly  and 
Topical  Cone  Deposited. 
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DEPOSITION  THICKNESS  PROFILE  FOR  CONES 
FIGURE  108 


OPPOSITION 


RADIOGRAPH  5602A 
3sfrsm  tip 


WALL  DELAMINATOI  PROFILE  FOR  CONE  GEDP-5 
FIGURE  120 
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RADIOGRAPH  5057-8 
3*  from  tip 


7"  from  tip 


Distance  from  outside  surface,  mils 

WALL  DELAM^ATION  PROFILE  FOR  CONE  GEDP-7 
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RADIOGRAPH  5709 
3"  FROM  TIP 


4"  FROM  TIP 


0I3TANCE  FROM  OUTSIDE  SURFACE,  MILS 


WALL  DELAMINATION  PROFILE  FOR  CONE  GEDP-9 

FIGURE  121* 


RADIOGRAPH  5739-A 
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7"  FROM  TIP 


DISTANCE  FROM  OUTSIDE  SURFACE,  MILS 

WALL  DELAMINATION  PROFILE  FOR  CONE  GEDP-II 

FIGURE  125 
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RADIOGRAPH  5739 
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WALL  OELAMINATION  PROFILE  FOR  CONE  GEDP-  15 
FIGURE  128 
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Increasing  Deposition  Rate 


Gas  Flow  . . . . . — - - > 


Schematic  Diagram  of  Boron  Gatalytic 
Effects  on  Pyrolytic  Graphite  Deposition 

Figure  133 
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Radiographic  Positive  Nose  Cone  Tip  3213-4 
(Nose  Cone  Tip  3213-3  with  an  additional 
15  hours  of  deposition  time). 


Figure  148 
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Figure  150 
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Inches  from  Nose  Tip 


Deposit  Profile  Nose  Cone  Tip  3213-6 
(Diffuser  Cap  No.  3  with  7-3/4"  Nozzle  Position). 


Figure  151 
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Deposit  Thickness  *r laches- 


Nozzle  Cap  Before  Deposition 
Figure  158 
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Run  6048  -  Nozzle  Cap  Cross  Section  After  Deposition 

Figure  161 
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Figure  165 


Rue  6052  »  Nozzle  Cap  Clfcs’eup  of  Discharge  Holes  After  Deposition 


Figure  167 


Distance  from  Hose  -  Inches 


Deposition  Eiidmoss  Profile 


figure  168 


Rim  4064  -  Nozzle  Cap  Side  View  After  Deposition 
Figure  170 


Run  4064  “  Nozzle  Cap  Discharge  Holes  After  Deposition 

Figure  171 


396 


Distance  from  Nose  -  Inches 


Deposition  Thickness  Profile 


Figure  172 
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Distance  from  Nose  -  Inches 

Deposition  Thickness  Profile 
Figure  1?U 
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Figure  177 
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Figure  178 
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SCHEMATIC  DIAGRAM  ILLUSTRATING  PHASE,  I  FURNACE  ASSEMBLY 
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EFFECT  OF  DEPOSITION  PRESSURE  ON  DEPOSIT  THICKNESS  PROFILE 


DEPOSITION  PRESSURE  (nraHG) 


,  -  ••  Figure  183 

EFFECT  OF  METHANE/ACETYLENE  RATIO  ON  DEPOSITION  RATE 
AT  VARIOUS  DEPOSITION  PRESSURES ,( 3”  DIAMETER  TUBES) 


PHOTOGRAPH  OF  CYLINDER  1-36  ILLUSTRATING  THE  INNER  SURFACE  CONDITION 
AND  OVERALL  APPEARANCE  (CH4/C2H2  -  1,  PRESSURE  4  vm  Hg,  TEMP.  2100 °C) 
NOTE:  HEAVIER  CONCENTRATION  OF  MEDIUM  SIZED  NODULES 


Figure  190 

photograph  of  cylinder  2-42  illustrating  the  ,  inner  surface  condition 

AND  OVERALL ' APPEARANCE  (CH4/C2H2  -  1/3,  PRESSURE  2  mmUg,  TEMP,  2100 °C) 
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PHOTOGRAPH  OP  CYLINDER  2-41  ILLUSTRATING  THE  INNER  SURFACE  CONDITION 
AND  OVERALL  APPEARANCE  (CHa/C^Ho  «  1,  PRESSURE  4  cm  Hg,  TEMP.  1925 °C) 
NOTE;  '  THE  SURFACE  CONDITION  OF  THE  GAS  OUTLET  END  OF  THE  TUBE  WAS 
POOR  DUE  TO  SPALLATION. 
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RUN  NO.  2-43  CH^/CgHg  =  3,  PRESSURE  =  4  mmHg 


(BOTTOM)  Density  2.13  gm/cc 
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RUN  NO.  1-39  (TOP) 

cV°aH2  =  l 

Pressure  =  o  imnHg 
Density  =2.18  gm/ec 


PHOTOMICROGRAPHS  THROUGH  DEPOSIT  THICKNESS  SHOWING 
MICROSTRUCTURE  OF  THESE  TUBES  60X 


Figure  195 
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Run  No.  1-38  (TOP) 

ch4/c2  =  1 

Pressure  =  2  maHg 
Density  =  2.17  gm 


Run  No.  I-36  (TOP) 

°Vc2Ha  -  1. 

Pressure  =  4  mmHg 
Density  =  2.l8  gm/cc 


Run  No.  1-35  (TOP) 

CH^/CgjHg  =  1, 

Pressure  =  8  ehiHs 
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PHOTOMICROGRAPH  THROUGH  DEPOSIT  THICKNESS  SHOWING 
MICROSTRUCTURE  OF  THESE  TUBES.  60X 

Figure  196 
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Deposition  Thickness  Profile  -  Sose  Cones  1-43,  2-46  and  1-48 
(Data  Taken  from  Radiograph  Fils) 


Photograph  of  Nose  Cone  2-46  Illustrating  Surface  Condition  and  Overall 
Appearance  Note  Extremely  Heavy  Spallation  Due  to  Residual  Stresses  Intro 
duced  by  Process  Fluctuations. 
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Task  3.4.2.3b 


Radiograph  of  5058 


Figure  209 
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Task  3*4.2. 3b 
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TASK  3.4,2.3b 
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FIGURE  217 


SCHEMATIC  DIAGRAM  ILLUSTRATING  FURNACE  ASSEMBLY 
USED  FOR  THE  FABRICATION  OF  THE  FRUSTUMS 


FIGURE  216 

PHOTOGRAPHS  OF  FABRICATED  PART  NO,  1-77 


Note  Spallation  on  Outer  Surface.  Concentric  Rings  Separated  by  Distinct 

De  laminations . 


Interdelaraination  Crack  at  Large  End 
of  Frustum. 


Note  Crack  on  Inner  Surface 
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FIGURE  221 


PHOTOGRAPHS  OF  FABRICATED  PART  RUN  NO. 2-88 


•*J 


Microstructure  of  five  con¬ 
centric  rings  from  small  end; 
of  frustum.  Material  is 
basically  substrate  nu¬ 
cleated. 


.Microstructure  of  concentric 
rings  from  large  end  of' 
frustum.  Note  distinct  dela¬ 
minations  separating  -all  rings, 
except  the  second  and  third 
rings  from  the  timer  surface. 


Top 


Photomicrographs  through  deposit 
thickness  showing  microstructure 
of  material  from  the  top  and 
bottom  of  frustum  2-88, 


Figure  223 


448 


Bottom 


Outer  Surface  of  Frustum  Was  Clean 
and  Uncracked. 


3  Concentric  Rings  Through  Deposit 
Thickness.  Separated  by  Distinct 
Delaminations. 


Stress  Relieving  in  One  Ring. 
(Note  Crack  in  Outer  Ring) 
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Figure  225 


Photomicrographs  through  dopeait 
thickness  showing  oicrostructure 
of  material  from  the  top  and  bottom 
of  frustum  2-90 
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Figure  226 
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Illustrating  Outer  Surface  and  General 
Condition  of  Frustum* 


2  Concentric  Sings  Through  Deposit 
Thickness.  Separated  by  Gne  Belamina 
tion 


iill 


Note  Stress  Eelieviag  by 
Formation  of  Additional 
Delaminations ,  Due  to 
High  t/r  of  Small  End  of 
Frustum. 


Microstructure  of  two  plan¬ 
ned  concentric  rings.  Note 
second  de lamination  in  first 
ring  which  developed  during 
sample  preparation. 


Microstructure  of  concentric 
rings  from  large  end  of 
frustum.  Note  new  nucleation 
sites  at  tlelamination. . 
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Photomicrographs  through  deposit  thickness 
showing  raicrostructure  of  material  from  top 
and  bottom  of  frustum  1-82, 


Figure  229 


Material  through  deposit  thickness  at  Basil 
end  of  frustum  -  No  random  delaminafcions  or 
interdelamination  cracks. 


Illustrating  excellent  and  com-  end  of  frustum  -  Again  there  were  no  random 
plete  separation  between  the  delaminstioas  or  interdelami nation  cracks, 
three  concentric  frustum  shells. 


Photographs  of  Fabricated  Part  No,  2-105 
Figure  230 


Illustrating  excellent  outer 
surface  condition. 
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Deposit  Thickness  profile  for ‘Frustum  No,  2-108 

Figure  233 
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Randoa  Delaainatioae  and  Interdslasd  nation 
Cracks  were  Present  in  Fart. 


Part  Developed  Two  Axial  Cracks 
180°  Apart  during  Furnace  Cool-down 


Photographs  of  Fabricated  part  No.  2-108 
Figure  234 
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Microstructure 
of  three  concen¬ 
tric  rings  from 
small  end  of 
frustum. 


Microctructure 
of  three  concen¬ 
tric  rings  from 
large  end  of 
frustum. 


Photomicrographs  Through  the  Deposit  Thickness 
Showing  Microstructure  of  Material  from  Top 
and  Bottom  of  Frustum  Ho.  2-108 


Figure  235 
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typical  Nose  Cone  Setup 

i  Figure  24l 
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Thickness  -  Inches 
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TASK  3.3.7-1 
PG-6050  -  Run  #1 
3750°F 
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Distance  from  Nose  -  Inches 
Deposition  Thickness  Profile 

Figure  2h2 
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Run  6€50  -  Nose  Region  Cross  Section  -  5X 


Figure  244 
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TASK  3. 3. 7-1 
PG-6053  -  Run  #3 
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Distance  from  Nose  -  Inches 
Deposition  Thickness  Profile 

Figure  2h6 
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Run  6053  -  Nose  Region  Cross  Section  -  5X 


Figure  248 


Thickness  -  Inches 
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£.300 


1.200 


1.100 


1,000 


PO-6056  -  Run  #4 

3750°P 


Nose  Thickness 


Traverse  -  B 
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Traverse  -  A 


Distance  from  Nose  -  Inches 


Deposition  Thickness  Profile 


Figure  2 k9 
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Thickness  -  Inches 


TASK  3. 3. 7-2 


1.400- 

1.300. 

1.200. 

1.100. 

1.000. 

.900. 

.600  * 

.700. 

.600  o 


.400. 

.300. 

.200* 

.100. 


PG-6055  -  Run  $2 
3T50°F 
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Distance  from  Nose  -  Inches 

Deposition  Thickness  Frofile 
Figure  25$ 


480 


Thickness  -  Inches 


Imposition  Thickness  a  Profile 
Figure  258 
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Radiograph  of  6057 
Figure  259 
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TASK  3. 3. 7-3 


PG-5Q61  -  Run 
3750°? 


Distance  from  Nose  -  Inches 

Deposition  Thickness  Profile 
Figure  261 


Run  5061  -  Nose  Region  Cross  Section  -  5X 
Figure  263 
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Thickness  -  Inches 
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Nose  Thickness 


Figure  264 
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Task  3. 3. 7-3 
Radiograph  of  5062 
Figure  265 
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Thickness  —  Inches 
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Distance  from  Nose 

Deposition  Thickness  Profile 
Figure  270 


.  IMSSTS'SC/C*'.'..  '■~!Ci' 


51.6  * 


TASK  3. 3.7-3 


Figure  273 
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Distance  from  Nose  -  Inches 
Deposition  Thickness  Profile 
Figure  275 
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3040/6 
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Figure  278 
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'  Plow  -  CFH 
Nose  Deposition  Rate 

Figure  293 
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Figure  294 
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Eun  4072  -  Ne$e  Regloa  Cress  Seefcioa  -  5x 
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figure  296 


Run  6061  -  Nose  Region  Cross  Section  -  5X 


Figure  299 
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-.Tash  3. 3*7-5  ■,' 
Radiograph  of  4074 


Figure  301 


Run  4075 


Nose  Region  Cross  Section  -  5X 


Figure  305 
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Task  3. 3. 7^5 
Radiograph  of  6065 


Fignee  310 


.Hose  Thickness 


Distance  from  Nose— Inches 
Deposition  Thickness  Profile 

Figure  312 
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Task  3. 3. 7-6 
Radiograph  of  6067 
Figure  317 
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Run  6067  -  Nose  Region  Croas  Section  -  5X 
Figure  318 
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Distance  from  Nose— Inches 
Deposition  Thickness  Profile 
Figure  319 
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Figure  323 
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Task  3.5.2 
Radiograph  of  6069 
Figure  327 
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ilckness  -  Inches 


Deposition  Thickness  .Profile 
Figure  330 


Task  3.5.2 


Radiograph  of  5078 


Figure  335 
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APPENDIX  I 


MATERIAL  SPECIFICATION 
AF  33(615 )»3135 


i.O  SCOPE 

1.1  This  specification  covers  as  deposited  tor  on  alloyed  pyro- 
lytic  graphite  cone 3  and  related  shapes  and  defines  the 
engineering  requirements  for  this  material. 

2,0  APPLICABLE  DOCUMENTS 

2.1  MIL-STD-453  Inspection,  Radiographic 

MIL-T6866  Inspection,  Penetrant 

ASTM~D~T92  Method  of  Tests  for  Specific  Gravity 

and  Density  of  Plastics 

3*0  I^UmSMEKTS 

3.1  Vendor  Approval  -  Vendors  must  meet  the  requirements  of 
this  specification  to  he  considered  engineering  approved 
sources, 

3.2  Material  Type  -  The  material  shall  ha  regenerative  heron 
alloyed  pyrolytic  graphite. 

3*3  Material  Properties 

3.3*1  Basic  Process  -  Parts  shall  he  formed  hy  pyrolytic 
decomposition  of  appropriate  carbon  and  boron 
hearing  gases  on  the  internal  form  of  a  high 
quality  graphite  mandrel  at  temperatures  in  excess 
of  2000°C  hut  less  than  2400°C. 

3.3*2  Boron  Alloying  -  The  ratio  of  carbon  hearing  gases  to 
boron  trichloride  gas  shall  he  a  maximum  of  90  to  1 
and  a  minimum  of  l60  to  1  during  the  entire  deposi¬ 
tion  cycle. 

3*3*3  Specific  Gravity  -  The  specific  gravity  of  the 
material  shall  he  2.180  minimum. 

3*3*4  Residual  Stress  -  The  residual  stress  of  each  part 
shall  not  exceed  8000  psi. 

3*3*5  Nodule  Size  and  Frequency 

3*3*5*1  The  diameter  of  any  nodule  or  cluster  of 
nodules  on  the  surface  shall  not  exceed 
0.6  of  the  material  thickness. 


3*3.5 *2  Nodule  distribution  shall  be  such  that  not 
mare  than  two  nodules  of  acceptable  size 
shall  be  closer  than  one  inch  apart. 

3.3.6  Delaniinations 

3.3.6. 1  Delaminations  as  determined  from  radiographic 
analysis  or  visual  inspection  of  machined 
edges  are  cause  for  rejection  in  parts  with  a 
maximum  t/r  of  0.08. 

3«3»6. 2  Delaminations  in  parts  with  a  t/r  greater  than 
0.08  are  only  acceptable  as  defined  in  para¬ 
graphs  3. 3. 6.2.1  through  3. 3. 6.2. 3. 

3. 3. 6.2.1  Maximum  Material  Separation  -  The 
maximum  material  separation  as 
determined  from  radiographic  films 
with  low  magnification  (2  to  10X) 
for  an  acceptable  delamlnatlon  is 
.005  inches. 

3. 3. 6.2.2  Delamination  Pattern  -  An  acceptable 
delamination  shall  be  parallel  to 
the  outside  contour  of  the  part 
except  in  the  nose  tip  and  1-1/2 
inches  beyond  the  required  stagnation 
thickness.  (See  Figure  l) 

3»3*6.2»3  Continuous  Delaminations  -  Any 

delamination  that  can  be  traced  for 
more  than  75$  of  the  length  (both 
sides)  of  a  part  on  the  radiographic 
film  in  any  of  the  four  views  re¬ 
quired  shall  be  cause  for  rejection. 

3.3.7  Deposition  Symmetry  -  The  material  thickness  at  any 
station  along  the  length  of  an  "as-deposited"  part 
shall  not  vary  mare  than  ,040  inches  from  the  minimum 
material  thickness  to  the  maximum  material  thickness. 

3.3.8  Dimensions  and  Finish  «  Unless  otherwise  specified  in 
the  contract  or  purchase  order,  dimensions  and  finish 
shall  be  as  specified  on  the  Design  Drawing. 

3.3.9  Workmanship  -  The  pyrolytic  graphite  forms  procured 
irnder  this  specification  shall  be  unifora  in  quality 
and  condition,  free  from  surface  defects  such  as 
porosity,  pits,  cracks,  and  chips  and  internal  defects 
such  as  voids,  cracks  said  Inclusions. 
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3.4  Process  History 

3.4.1  The  vendor  shall  supply  with  each  piece  submitted  a 
complete  process  history. 

4,0  QUALITY  ASSURANCE  PROVISION 

4.1  Inspection  -  The  vendor  shall  be  responsible  for  the  performance 
of  all  inspection  requirements  as  specified  herein.  The  vendor 
shall  also  maintain  complete  inspection  records  of  all  examina¬ 
tions  and  tests  as  specified  on  each  piece  submitted  for 
acceptance. 

4.2  A  lot  shall  consist  of  the  material  fabricated  in  one  furnace 
run. 

4.3  Each  part  fabricated  shall  have  sufficient  length  to  allow*  for 
the  removal  of  two  test  rings  one  inch  long.  These  test  rings 
shall  be  removed  from  the  same  end  of  the  part.  One  test  ring 
shall  be  tested  by  the  vendor  to  the  requirements  of  this 
specification.  The  other  test  ring  will  be  shipped  with  the 
part  for  verification  testing  at  General  Electric,  The  tests 
outlined  in  Paragraphs  4.4.2,  4.4.4,  4.4.5  and  4.4.6  shall  be 
performed  on  the  test  ring. 

4.4  Acceptance  Test  -  The  following  destructive  and  non-destructive 
tests  shall  be  performed  on  each  piece.  Failure  of  the  material 
to  conform  to  any  requirement  of  this  specification  shall  be 
cause  for  rejection. 

4.4.1  Visual  Examination  -  Each  part  shall  be  visually 
inspected  for  defects  such  as  porosity,  pits, 
cracks  and  chips.  Porosity,  pits,  cracks,  and  chips 
are  cause  for  rejection. 

4.4.2  Gross  Residual  Stress  -  Residual  stress  measurements 
shall  be  determined  utilizing  a  split  ring  technique. 

The  following  formula  will  be  used  to  calculate  gross 
residual  stress. 


where; 


E 

cr  test  =  A  t  A  s 

: - 2 — 

4  ?r  r  -2r  A  s 

E  6 

A  =  Elastic  Modulus  (Assume  4.5  x  10  psi), 


t  =»  Material  Thickness 


s  =  The  distance  the  test  ring  opens  or 
closes  as  a  section  is  removed. 


r  «  Inside  radius  of  the  part. 
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4.4«3  Deposition  Symmetry  -  The  deposition  symmetry  as  required 
in fto«(^pM’3l*3«l7  the  specification  shall  "be  deter¬ 
mined  from  radiographs  of  the  "as-deposited"  cone.  Two 
radiographs  at  a  90°  interval  shall  he  submitted  with 
each  part  for  verification  to  the  requirements  of 
Paragraph  3»3»T« 

4.4.4  Specific  Gravity  -  The  specific  gravity  shall  he 
determined  in  accordance  with  method  A  of  AS®  D-792, 
using  cerbon  tetrachloride  as  the  immersion  fluid. 

Each  piece  tested  for  specific  gravity  shall  he  free 
of  cracks  and  delaminations  as  determined  by  visual 
inspection  and/or  dye  penetrant  inspection, 

4.4.5  Boron  Analysis  -  The  boron  content  shall  be  determined 
using  spectrographic  techniques.  The  average  boron 
content  shall  be  net  less  than  0.2  or  emceed  1.6  weight 
percent. 

4.4.6  Structure  -  A  photomicrograph  shall  be  made  on  each 
piece  of  material  submitted  for  acceptance.  Sample 
location  shall  be  from  the  trim  ring  unless  otherwise 
specified  on  the  engineering  drawing. .  This  photo¬ 
micrograph  shall  be  approximately  50X  under  polarized 
light. 

4.4.7  Radiographic  Inspection  -  All  ports  shall  he  radio- 

graphical^  Four  radiographs  shall  he 

taken  at  45°  intervals  perpendicular  to  the  longi¬ 
tudinal  axis  of  the  part.  Any  internal  cracks, 
inclusions  or  voids  are  cause  for  rejection  of  the 
part.  Delaminations  are  acceptable  only  as  defined 
in  Paragraph  3.3.6  of  this  specification. 

4.4.8  Process  History  -  The  vendor  shall  submit  with  each 
piece  'offered  for  acceptance  the  following  process 
Information. 

4.4.8. 1  Deposition  temperature  taken  at  least  every 
30  minutes. 

4.4.8.2  Ratio  of  boron  bearing  gases  to  carbon  bearing 
gases  throughout  the  deposition  cycle. 

4.4.8. 3  Ay  Interruptions  in  the  deposition  cycle. 

4.4.9  Packaging  and  Marking 

4, 4. 9.1  Each  part  and  its  associated  trim  ring  shall 
be  marked  in  accordance  with  the  applicable 
engineering  drawing.  Each  part  shall  be 
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indexed  at  0°  and  90°  by  a  solvent  soluble 
ink.  Inspection  reports  shall  reference 
these  indices  for  location  of  defects. 

4.4.9. 2  Each  part  and  its  associated  trim  ring  shall 
be  packaged  in  a  foamed  container  with  the 
parting  line  running  in  the  axial  direction 
so  that  each  half  of  the  container  will  fora 
a  cradle  for  the  part. 


5.0  NOTES 

5.1  Definitions  -  To  insure  uniformity  of  interpretations  the 

following  items  are  defines. 

5.1.1  Nodules  -  A  single  grain  growth  significantly  larger 
in  size  than  the  surrounding  matrix,  appearing  as  a 
blister  on  the  deposited  surface. 

5.1.2  Delaminations  -  A  material  separation  parallel  to  the 
plane  of  deposition  that  is  discernible  at  low  magni¬ 
fication  from  radiographic  film. 

5.1.3  t/r  Ratio  -  The  t/r  ratio  is  the  ratio  of  material 
thickness  at  a  point  to  the  radius  of  curvature  at 
that  point. 

5.1.4  Cracks  -  Any  material  separation  other  than  a 
delamination. 

5.1.5  Clusters  -  Two  or  mare  nodules  in  contact, 

5.1.6  "As-Deposited"  -  The  "as-deposited"  condition  refers 
to  tlbe  condition  of  the  part  after  it  has  been  removed 
frcm  the  furnace  and  the  mandrel  has  been  removed  from 
the  part  but  prior  to  any  internal  machining. 

5»1*7  Station  -  Station  as  used  in  this  specification  refers 
to  any  axial  location  in  inches  measured  frcm  the  small 
end  of  cones  and  frustums  and  from  a  reference  end  on 
cylinders. 

5»1»8  Document  Precedence  -  In  case  of  discrepancy  between 
Engineering  Drawing  and  this  specification,  the 
requirements  of  the  drawing  shall  prevail. 
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Figure  1. 


Outside  Surface 


View  A 


Base  of  Cone 


1  *  De lamination  running  toward 

outside  surface  at  base  of  cone. 

2  -  Belamination  parallel  to  outside 

surface. 

3.  Delamination  running  toward 
inside  surface  at  base  of  cone. 
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"^-Unacceptable  Del&mination^ 

Acceptable  Delamination^ 
if  the  requirements  of 
Para.  3.3.6  are  met 

-Acceptable  Delamination^ 
if  deviation  from  parallelism 
from  outside  surface  does  not 
exceed  .005’7inch  of  length 
of  delamination  and  the  delarai* 
nation  meets  all  other  require* 
ments  of  Para.  3.3.6. 
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APPENDIX  II 

PROCESS  S PE GIFICAIION  FOR 
BORON  ALLOYED  PYROLYTIC  GRAPHITE  NOSE  CONES 
AP  33(615)-3136 


1.0  Introduction 


1. 1  Purpose 

The  purpose  of  this  Process  Specification  is  to  outline  the  pro¬ 
cedures  by  which  manufacturers  skilled  in  the  art  can  produce  boron 
alloyed  pyrolytic  graphite  nose  cones. 

1.2  Scope 

This  specification  covers  the  basic  design  and  process  parameters 
for  a  nose  cone  with  a  1/4  inch  nose  radius,  half-angle  of  10°  and 
a  ratio  of  the  nose  tip  thickness  to  skirt  thickness  of  5  to  1. 

2.0  Process  Requirements 

2.1  Temperature 

'  The  nominal  temperature  specified  in  Section  4  shall  be  used  with 
allowable  variations  of  +  20°F.  The  temperature  shall  be  measured 
on  the  mandrel  container  lid  located  approximately  1/2"  above  the 
mandrel  tip. 

2.2.  Pressure 


The  nominal  pressure  specified  in  Section  3  shall  be  used  for 
deposition  with  allowable  variation  of  +  0.2  mm  Hg,  The  pressure 
shall  be  measured  in  the  main  furnace  tank  outside  the  deposition 
chamber, 

2.3  glow  Rate  and  Gas  Composition 

The  hydrocarbon  gas  shall  be  supplied  to  the  furnace  in  the  form 
of  natural  gas  or  from  cylinders  of  purified  gas.  The  boron  trich¬ 
loride  shall  be  supplied  from  cylinders  of  technical  grade  quality 
or  better.  The  supply  of  all  reactants  must  be  sufficient  so  that 
no  interruption  in  flow  is  required  during  the  deposition.  The  flow 
rates  required  are  quoted  as  standard  cubic  feet  and  should  be  main¬ 
tained  at  +  57<>  or  better. 
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2.4  Nozzle  geometry 


The  nozzle  shall  be  water  cooled,  with  an  outside  diameter  of  approx¬ 
imately  13/16  inches  and  with  a  discharge  orifice  of  0.069  inches  in 
diameter.  The  nozzle  must  be  capable  of  being  raised  or  lowered 
smoothly  over  an  accurately  measurable  range. 

2.5  Mandrel  Design  and  Material 

The  nose  cone  shall  be  deposited  in  a  female  mandrel  fabricated  from 
an  acceptable  grade  of  graphite;  such  as,*  grade  A,C,  or  B.  The  mandrel 
thickness  shall  be  not  less  than  1/3  and  not  greater  than  1-1/2  times 
the  intended  wall  thickness  of  the  deposit.  The  most  preferred  form 
is  to  taper  the  mandrel  wall  thickness  from  the  maximum  recommended 
thickness  at  the  base  to  the  minimum  recommended  thickness  at  the 
nose. 

The  machined  finish  on  the  mandrel  shall  be  equivalent  to  the  finish 
obtained  with  600  grit  paper. 

2.6  Related  Parts  Design  and  Material 

The  related  supporting  parts  for  the  nose  cone  mandrel  as  shown  in 
Figure  A  shall  be  fabricated  from  an  acceptable  grade  of  graphite, 
such  as  the  mandrel  grades  above  or  other  graphites  with  similar 
chemical  purity.  The  design  shall  be  consistent  with  good  pra-^ice 
and  in  addition  meet  the  following  special  requirements: 

A.  The  I.D.  of  the  support  cylinder  shall  be 
larger  than  the  mandrel  I.D.  by  at  least 
four  times  the  intended  thickness  of  the 
deposit. 

B.  The  nozzle  shield  shall  be  cut  off  flush 
with  the  nozzle  at  its  lowest  position  during 
the  deposition  cycle. 

C.  For  an  Intended  wall  thickness  deposit  of 

250  mils  tt\e  exhaust  path  in  the  mandrel  support 
will  be  three  7/8"  holes. 

2.7  Mandrel  and  Related  Parts  Preparation 

The  mandrel  and  related  graphite  parts  shall  be  thoroughly  vacuumed 
and  all  surfaces  exposed  to  the  gas  flow  shall  be  cleaned  with  n 
thermally  degradable  organic  solvent  and  wiped  clean  with  lintiwss 
wipers. 


*For  graphite  identification,  contact  MATC,  Air  Force  Materials 
Laboratory,  WPAFB. 
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3.0  Process  Procedure  for  Cone  with  .200  Minimum  Wall  Thickness 


3.1  Loading 

Thoroughly  clean  mandrel  and  related  parts  and  assemble  per  Figure  A, 
The  nozzle  is  to  be  positioned  12  inches  from  the  nose  at  assembly. 
The  details  of  assembly  not  shown  in  Figure  A  are  peculiar  to  each 
furnace  design  and  should  not  influence  the  deposit. 

3.2  Furnace  Evacuation  and  Heat-up 

These  factors  are  for  the  most  part  a  function  of  equipment  design 
and  standard  shop  practices.  The  evacuation  and  heat-up  procedures 
shall  insure  that  the  furnace  and  associated  equipment  is  vacuum 
tight  and  in  sufficiently  adequate  operating  condition  to  complete 
the  process  cycle  uninterrupted.  The  deposition  assembly  shall  be 
heated  to  3750°. 

3.3  Precoat 


Turn  methane  on  to  10  cfh  and  hold  for  5  minutes.  Turn  off  methane 
and  purge  with  hydrogen  for  1/2  hour  at  2.5  cfh.  Turn  off  hydrogen. 

3.4  Deposition  Cycle 

Turn  on  methane  and  boron  trichloride  and  adjust  pressure  and  nozzle 
position  according  to  the  following  schedule: 


Nozzle 

Position 

Time 

BC<*  (CFH) 

Methane  (CFH 

Pressure 
(mm  Hg) 

12" 

0-12  Hours 

.028 

4  (+10  CFH  Ho) 

2 

7  1/2" 

12-22 

.109 

10 

2 

7  5/8" 

22-27 

.092 

10 

2 

7  3/4" 

27-32 

.076 

10 

2 

7  7/8" 

32-37 

.061 

10 

2 

8" 

37-42 

.046 

10 

2 

8  1/8" 

42-47 

.034 

10 

2 

8  1/4" 

47-52 

.028 

10  ‘ 

2 

8  3/8" 

52-57 

.023 

10 

2 

8  1/2" 

57-62 

.015 

10 

2 

3.5  Cooling  and  Unloading 

The  furnace  shall  be  cooled  and  disassembled  according  to  standard 
shop  practices. 


FIGURE  A 
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APPENDIX  III 


STRESS  EQUATION  FOR 
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APPENDIX  IV 


RESIDUAL  STRESS  PREDICTIONS  (TASK  l.k.k) 

AF  33(615)  “3136 

In  order  to  provide  means  of  extrapolating  the  use  of  the  toroidal 
mandrel  separator  developed  in  Tasks  3*3*1  and  3*3*2  to  other  sizes,  an 
investigation  of  the  residual  stresses  in  the  separator  was  performed. 
The  geometry  of  this  separator  is  illustrated  in  Figure  VHI-1. 

The  residual  stresses  in  the  part  were  estimated  on  the  basis  of 
"cool-down"  phenomena  only  -  using  the  following  properties: 


E  = 

3.5  X  10°  psi 

V  s 

.22 

c*  AT  = 

,0 hb 

c*  AT  = 

.055 

for  T  =  4000°?. 


In  the  analysis  of  the  residual  stresses  only  half  of  the  part  was 
considered;  because  of  symmetry,  the  stresses  in  the  other  half  are 
identical..  Two  problems  were  studied  -  the  only  difference  being  the 
boundary  conditions  at  s  =  0.  The  stresses  presented  on  Figures 
VIH-2  through  VHI-4  are  for  "membrane”  type  boundary  conditions  (no 
edge  rotation  nor  shear  stress  resultant),  and  those  presented  on 
Figures  VHI-5  through  VHI-7  are  for  "free"  edges  (no  moment  nor  shear 
resultants). 

As  a  matter  of  convenience  the  problems  were  studies  in  two  steps  - 
first  the  "membrane"  solution  (presented  as  solid  lines  on  the  Figures) 
and  then  the  total  solution  including  shell  bending  (presented  as  dashed 
lines).  The  difference  between  the  two  represents  the  stresses  due  to 
only  shell  bending  and  obviously  is  very  important  for  this  problem. 

To  consider  the  possibility  of  cracks  developing  in  the  piece  due 
to  "cool-down"  it  was  appropriate  to  examine  particularly  the  circum¬ 
ferential  stress  on  Figure  VTII-6  in  the  vicinity  of  s  =  0.  Notice 
that  the  total  stress  in  that  region  were  significantly  reduced  below 
the  membrane  solution  due  to  shell  bending.  But  were  this  piece  a 
cylindrical  shell  for  its  total  length  the  bending  at  the  free  edge 
(machined  edge  away  from  the  component  being  deposited)  would  tend  to 
increase  the  tensile  stress  on  the  inner  surface  above  its  "membrane" 
value.  It  is  this  stress  which  causes  cracks  to  start  at  machined  edges. 
Therefore  the  tendency  for  cracks  is  much  less  in  the  toroidal  mandrel 
separator  than  in  a  straight  cylindrical  end. 
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Figure  VHI-1 
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Figure  VIII -2 
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Figure  VIII-7 
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